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INTRODUCTION

During the last few years, recurrent toxic blooms of
Alexandrium catenella have been observed in coastal
waters of the NW Mediterranean Sea. In particular,
this dinoflagellate species was detected for the first
time on the Catalan coast of Spain in 1996 (Vila et al.
2001) and in the Thau lagoon, an intensive shellfish
farming zone in France, in 1998 (Lilly et al. 2002).
Physiological rate measurements on natural popula-
tions of A. catenella have shown that most of the dis-
solved nitrogen supply for growth comes from ammo-
nium (NH4

+) and urea (Collos et al. 2007). A large

variability in uptake kinetic parameters was noted for
both N sources, part of which could be attributed to
differences in growth rate (Collos et al. 2007). Never-
theless, the interactions between NH4

+ and urea
uptake were not taken into account in these investiga-
tions. Historically, urea has been relatively ignored as
an N source compared to other compounds such as
nitrate (NO3

–) or NH4
+, but recently, urea has been

suggested to be a major factor leading to harmful algal
blooms (Glibert et al. 2006).

Studies on interactions between NH4
+ and urea up-

take by microalgae have been relatively few. In marine
phytoplankton, Waser et al. (1998) found a variety of
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ing that the reduced N-urea uptake was more than compensated for by NH4

+ uptake. Furthermore,
the computation of composite kinetic parameters from total N uptake data suggested that French
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concentrations (≤5 µgatN l–1) and high urea concentrations (as 10 µgatN l–1). These N uptake charac-
teristics may reflect particular metabolic adaptations by the strains to their respective environment.
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interactions. For example, N-sufficient cells of Chaeto-
ceros debilis preferred NH4

+ to urea, while N-starved
cells took up urea first, and only upon exhaustion of
this compound was NH4

+ taken up. For Emiliana hux-
leyi, N-sufficient cells preferred NH4

+ and NO3
– to

urea, while starved cells took up NH4
+ first until

exhaustion, and then urea, in preference to NO3
–. For

Thalassiosira weissflogii, NH4
+ had no effect on N-urea

uptake (Lomas 2004). In natural populations of phyto-
plankton in the Baltic Sea, Irmisch (1991) found that
NH4

+ additions reduced urea uptake in a significant
way. Such studies are complicated by physiological
processes such as NH4

+ excretion that occurs during
urea assimilation (Uchida 1976, Rees & Bekheet 1982,
Price & Harrison 1988) and could lead to feedback
regulation.

Bioassays have indicated N to be the limiting nutri-
ent in the Thau lagoon for phytoplankton in general
(Bec et al. 2005) and for Alexandrium catenella in par-
ticular (Collos et al. 2007). We present results of exper-
iments designed to characterize the interactions
between NH4

+ and urea uptake as well as to assess
whether inhibition of one N source by the other leads
to an increase in the overall uptake of this limiting
resource. As significant differences in the N uptake
and assimilation of NH4

+ have been noted previously
between strains of A. catenella (Collos et al. 2006), sev-
eral strains were used in order to examine this variabil-
ity regarding the NH4

+–urea interaction process.

MATERIALS AND METHODS

Culture conditions. The 5 strains used in this study
were isolated from different Mediterranean coastal
areas: VGO715 (Barcelona, Spain), VGO565 (Tarrag-
ona, Spain), and ACT03, TL01, and VGO815 (Thau
lagoon, France). Strains were acclimated in cultures
between 2002 and 2004, except for TL01 (isolated in
1998). Stock cultures were non-axenic and were main-
tained on enriched seawater with NO3

– as an N source.
Before and during the experiments, the cultures were
grown at 20°C and exposed to 100 µmol photons m–2

s–1 with a 12:12 h light:dark cycle using fluorescent
tubes (Grolux, Sylvania). The culture media used were
ESAW artificial seawater medium (Andersen et al.
2005) for ACT03 and TL01 strains and f/2 medium
(Guillard & Ryther 1962) prepared in 0.2 µm filtered
seawater for the other strains.

Interaction experiments. For each strain, the experi-
ment started with the resuspension of Alexandrium
catenella cells from the stock culture into 2.6 l of
medium with no N source. This resuspension step was
performed by collecting the cells on a 10 µm mesh net
by gravity filtration and allowed for the withdrawal of

most of the bacteria from the culture medium (Rausch
de Traubenberg & Soyer-Gobillard 1990). The cells
were kept under these low N conditions for 6 h to
ensure undetectable NH4

+ concentration in the
medium at the beginning of the incubations.

Two series of incubations were then done succes-
sively to test the influence of urea on the maximal
uptake rate of NH4

+ (Vmax-NH4
+) and the influence of

NH4
+ on the maximal uptake rate of N-urea (Vmax-

urea). During each part of the experiment, the uptake
rate of one nutrient at a reference concentration of
10 µgatN l–1 was measured as a function of the increas-
ing concentration of the other nutrient (0, 0.1, 0.2, 0.5,
1, 2, 3, 5, and 10 µgatN l–1). The reference concentra-
tion (10 µgatN l–1) corresponds to the upper range of
NH4

+ or urea concentrations observed in the field dur-
ing Alexandrium catenella blooms in Spain and France
(Garcés et al. 2005, Collos et al. 2007). For each part of
the experiment, 2 incubations of 1 h were performed in
parallel, based on the same nutrient regimes, but one
in which the constant nutrient was labeled with 15N
and the second in which the varying nutrient was
labeled. The coupled incubations allowed measure-
ments of simultaneous uptake of NH4

+ and N-urea for
all nutritive conditions. Incubations started with the
addition of 15NH4

+ or 15N-urea into 50 ml samples. At
the end of the incubation period, all samples were fil-
tered through precombusted (4 h at 450°C) A/E filters
(Gelman Sciences). Filters were dried at 60°C
overnight and analyzed on an Integra CN elemental
analysis-mass spectrometry system (PDZ Europa) to
obtain measurements of particulate nitrogen (PN), par-
ticulate carbon (PC), and 15N:14N isotopic ratio.

Nutrient analysis. Concentrations of different N
sources (NO3

–, NH4
+, and urea) were determined in the

culture medium just after resuspension and at the
beginning of each experiment part. Ammonium and
NO3

– concentrations were measured using a Techni-
con AutoAnalyzer® as described by Grasshoff et al.
(1983) for VGO715, VGO565, and VGO815 and using,
respectively, the methods of Koroleff (1976) and Collos
et al. (1999) for TL01 and ACT03. Urea measurements
were performed according to Goeyens et al. (1998).

Complementary measurements of NH4
+ concentra-

tion were done every 15 min during each incubation
period to check for a potential excretion of NH4

+ linked
with urea assimilation.

N uptake measurements. Measurements of 15N en-
richments were converted to net uptake rates of NH4

+

and N-urea according to Collos (1987). For urea
uptake, inclusion of an ambient urea concentration
higher than 0.5 µgatN l–1 in the calculation of 15N-urea
uptake rates led to apparent reverse kinetics (decrease
in uptake rate with increasing urea concentrations)
despite the fact that the 15N isotopic ratio increased
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along the urea gradient. Such patterns are thought to
be due to overestimation of the ambient substrate
concentration (Eppley et al. 1977, Sahlsten 1987, Kris-
tiansen & Lund 1989). Therefore, we chose to not
include ambient urea concentration in 15N-urea uptake
calculations. Furthermore, a lack of change of NH4

+

concentration in the medium during each incubation
allowed the consideration that no N excretion losses
have to be taken into account in N-urea uptake estima-
tions. Thus, net 15N-urea uptake rates measured were
equivalent to gross N-urea uptake rates.

From simultaneous incubations, total N uptake rates
(from NH4

+ and urea fluxes) were computed for each
nutrient condition and strain, using:

ρN-tot =  ρN (urea) + ρN (NH4
+) (1)

where ρN-tot is the total influx of 15N (in µgatN l–1 h–1)
for each nutrient condition and ρN (urea) and ρN (NH4

+)
are, respectively, the influx of 15N-urea and 15NH4

+ (in
µgatN l–1 h–1) obtained from simultaneous incubations.

To compare strains, total N uptake rates (VN-tot) from
NH4

+ and urea (in h–1) were normalized to PN accord-
ing to:

VN-tot =  ρN-tot/PNmean (2)

where PNmean (in µgatN l–1) is the mean of PN values
from both coupled incubations.

Modeled curves and kinetic parameters. When the
relation between uptake rates and concentrations
exhibited saturation kinetics, the Michaelis-Menten
model was used to generate kinetic parameters from
the original or modified equations depending on cases.

(1) For a specific nutrient, if saturable kinetics were
observed in the relation between uptake rates and
concentrations, uptake data were modeled using the
Michaelis-Menten relation (Andersen & Heibig 1998):

VN =  Vmax-N × [N]/(K s + [N]) (3)

where VN (in h–1) is the N uptake rate under a nutrient
concentration of [N] (in µgatN l–1), Vmax-N is the maxi-
mal uptake rate (in h–1) and K s is the half-saturation
constant.

(2) If an exponential decrease was noted in the
uptake rate of one nutrient (N1) when increasing the
concentration of the other (N2), modeled uptake rates
and inhibition parameters were determined using the
reverse Michaelis-Menten relation (Varela & Harrison
1999):

VN1 =  Vmax-N1 × {1 – (Imax × [N2]/(K I + [N2])} (4)

where the N uptake rate of the nutrient N1, VN1 (in
h–1), is a function of the maximum uptake rate without
inhibition (Vmax-N1, in h–1), the concentration of the
inhibitory nutrient ([N2], in µgatN l–1), the maximum
inhibition (Imax, values from 0 to 1), and of the inhibition

constant (KI, concentration of N2 at which I = Imax / 2,
in µgatN l–1).

(3) If the variations of total N uptake rates along a
concentration gradient followed saturable kinetics,
‘composite’ kinetic parameters associated with the
total N flux (from NH4

+ and urea) were defined using
the following equation derived from the Michaelis-
Menten model:

VN-tot =  V0 + (Vmax-tot – V0) × [N]/(Ks-tot + [N]) (5)

where VN-tot is the total N uptake rate from NH4
+ and

urea (in h–1), [N] (in µgatN l–1) is the variable nutrient
concentration (the other nutrient concentration being
fixed), V0 (in h–1) is the N uptake rate when [N] = 0, and
Vmax-tot and K s-tot are the 2 composite parameters
equivalent to a maximal total N uptake rate and a half-
saturation constant for the total N flux.

Values of kinetic parameters were obtained with
Matlab software (The MathWorks), using nonlinear
fitting, and minimization of error by least-squares
solution).

RESULTS

Nutrient conditions

Nutrient concentrations during each experiment
(just after resuspension and at the beginning of
each experiment part) in terms of N sources are sum-
marized in Table 1. An NH4

+ concentration lower than
1.2 µgatN l–1 was ensured at the beginning of each
incubation. For NO3

–, significant concentrations were
measured during experiments and prevented any
changes in N metabolism due to N-deficient condi-
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Strain Origin Nutrient After re- Part Part
suspension 1 2

VGO565 Tarragona  NO3
– 4.80 3.46 3.19

harbor (Spain) NH4
+ 0.41 0.25 0.28

Urea 1.77 NA 1.32
VGO715 Barcelona NO3

– 5.54 5.65 3.39
harbor (Spain) NH4

+ 0.36 0.10 1.22
VGO815 Thau lagoon NO3

– 4.63 4.20 4.77
(France) NH4

+ 0.32 0.60 0.35
TL01 Thau lagoon NO3

– 2.19 NA NA
(France) NH4

+ 0.40 0.28 0.57
Urea NA 0.10 NA

ACT03 Thau lagoon NO3
– NA 3.75 NA

(France) NH4
+ 0.57 0.17 0.27

Table 1. Alexandrium catenella. Nutrient concentrations (in
µgatN l–1) measured in the culture medium just after the re-
suspension step and at the beginning of the 2 successive parts
of each experiment (Parts 1 and 2). NA: not available
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tions. Such N-free conditions may result in population
crashes and/or gametogenesis for this species (Collos
et al. 2006).

Influence of urea on NH4
+ uptake rates

The influence of urea on the maximal uptake rate of
NH4

+ (Vmax-NH4
+) was analyzed through the variations

of 15NH4
+ and 15N-urea uptake data after an addition of

10 µgatN l–1 of NH4
+ and along a urea gradient of 0 to

10 µgatN l–1 (Table 2, Fig. 1). For both N sources, vari-
ations of uptake rates along the urea gradient were
constrained in similar ranges of values for the 4 strains
tested, with high NH4

+ uptake rates (VNH4
+ > 0.011 h–1)

and very low N-urea uptake rates (VN-urea < 0.002 h–1)
all along the concentration gradient. Uptake data of 2
strains (TL01 and ACT03) are shown in Fig. 1. In this
range of nutrient conditions, VNH4

+ also remained
higher than VN-urea by a factor of 10 when both nutri-
ents were added at the same concentration.

No trend was observed in variations in VNH4
+ along the

urea gradient for any strain (Table 2). Thus, the level of
urea concentration (between 0 and 10 µgatN l–1) has no
effect on NH4

+ uptake by Alexandrium catenella cells
when NH4

+ concentration is high, suggesting no influ-
ence of urea concentration on Vmax-NH4

+.
Regarding VN-urea as a function of urea concentration

and in the presence of 10 µgatN l–1 of NH4
+, particular

patterns were displayed for every strain except ACT03
(Fig. 1, dashed lines). These patterns corresponded
to Michaelis-Menten kinetics with very low Vmax

(<0.002 h–1) and Ks values of 0.53 to 3.31 µgatN l–1. All
parameter values obtained for VN-urea versus concen-
tration relationships are summarized in Table 2.

Influence of NH4
+ on N-urea uptake rates

The complementary analysis of the NH4
+ influence

on the maximal uptake rate of N-urea (Vmax-urea) was

based on reverse nutrient conditions: a constant urea
concentration of 10 µgatN l–1 and a variable NH4

+ con-
centration (0 to 10 µgatN l–1). Results revealed that
NH4

+–urea interactions may be an important feature
for N uptake regulation, depending on the strains of
Alexandrium catenella.

An NH4
+–urea interaction was exclusively observed

for the French strains, TL01, ACT03, and VGO815, and
was visible through the net decrease of VN-urea when
NH4

+ concentration increased. Fig. 2 displays patterns
obtained for 2 strains taken as examples (TL01 and
ACT03). This interaction corresponded to a strong
NH4

+ inhibition on the Vmax-urea which could be char-
acterized by fitting the data to reverse Michaelis-
Menten kinetics. The inhibition parameters obtained
(Table 3) corresponded to high maximum inhibition
values (Imax > 55%) and K I values of 0.44, 1.47, and
6.81 µgatN l–1 for TL01, ACT03, and VGO815, respec-
tively. The maximal N-urea uptake rate achieved with-
out NH4

+ varied from 0.003 h–1 for VGO815 to 0.008 h–1

for ACT03.
For the Spanish strains (VGO715 and VGO565),

VN-urea was more or less constant along the 0 to
10 µgatN l–1 NH4

+ gradient, with mean uptake values
lower than 0.002 h–1 (Table 3). These patterns showed
low capacities of these strains to take up N-urea even
if urea was the unique N source and suggested no
influence of NH4

+ concentration on Vmax-urea for these
cells in the range of concentration tested.

Variations of VNH4
+ along the NH4

+ gradient and
under a constant urea concentration (10 µgatN l–1)
showed similar patterns for the 5 strains tested, corre-
sponding to Michaelis-Menten kinetics. These pat-
terns are presented in Fig. 2 for TL01 and ACT03.
Kinetics parameters calculated for all strains are com-
puted in Table 3. Considering Vmax-NH4

+ values in the
presence of 10 µgatN l–1 of N-urea, ACT03 presented a
lower value (0.013 h–1) than other strains of Alexan-
drium catenella, for which Vmax-NH4

+ ranged from
0.021 to 0.025 h–1. The comparison of Ks-NH4

+ values
separated the strains differently, putting in contrast the
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Strain Origin VN-urea (kinetic parameters) VNH4
+ VN-tot

Vmax-urea Ks–urea r2

VGO565 Tarragona (Spain) 0.0005 0.53 0.95 0.015 ± 0.001 0.014 ± 0.001
VGO715 Barcelona (Spain) 0.0012 0.86 0.89 0.021 ± 0.002 0.022 ± 0.004
VGO815 Thau lagoon (France) 0.0019 0.84 0.99 0.023 ± 0.002 0.026 ± 0.005
TL01 Thau lagoon (France) 0.0020 3.31 0.93 0.019 ± 0.003 0.019 ± 0.003

VN-urea

ACT03 Thau lagoon (France) 0.0006 ± 0.0002 0.012 ± 0.001 0.012 ± 0.002

Table 2. Alexandrium catenella. Kinetic parameters (Vmax in h–1 and Ks in µgatN l–1) and mean (±SD) uptake rates of N-urea,
NH4

+, and VN-tot obtained along a urea gradient of 0 to 10 µgatN l–1 and after an addition of 10 µgatN l–1 of NH4
+. See ‘Materials

and methods’ for definitions of parameters
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Fig. 1. Alexandrium catenella. Ammonium (F) and N-urea
uptake rates (s) obtained for the strains (a) TL01 and
(b) ACT03 after an addition of 10 µgatN l–1 of NH4

+ and along
a graded urea concentration ([urea]) of 0 to 10 µgatN l–1. The
modeled curves of NH4

+ and N-urea uptake data correspond
to the solid and dashed lines, respectively. N-urea uptake
data for TL01 were multiplied by a factor of 10, as indicated 

by the bracket

Strain Origin VN-urea VNH4
+ (kinetic parameters) VN-tot (kinetic parameters)

Vmax-NH4
+ Ks-NH4

+ r2 Vmax-tot Ks-tot r2

VGO565 Tarragona (Spain) 0.0009 ± 0.0004 0.023 6.49 0.83 0.026 6.80 0.99
VGO715 Barcelona (Spain) 0.0016 ± 0.0002 0.021 3.50 0.95 0.041 9.01 0.98

VN-urea (inhibition parameters)
V ([NH4

+]=0) Imax KI r2

VGO815 Thau lagoon (France) 0.003 55.6 6.81 0.80 0.025 0.31 0.95 0.027 0.96 0.96
TL01 Thau lagoon (France) 0.006 75.6 0.44 0.91 0.021 2.15 0.97 0.022 2.60 0.95
ACT03 Thau lagoon (France) 0.008 75.0 1.47 0.96 0.013 0.36 0.78 0.018 0.19 0.74

Table 3. Alexandrium catenella. Kinetic parameters (Vmax in h–1 and Ks in µgatN l–1), inhibition parameters (N-urea uptake rate
without inhibition, V ([NH4

+] = 0) in h–1, Imax in %, and KI in µgatN l–1) and mean (±SD) uptake rates of N-urea, NH4
+, and VN-tot

obtained along an NH4
+ gradient of 0 to 10 µgatN l–1 and after an addition of 10 µgatN l–1 of urea. See ‘Materials and methods’

for definitions of parameters
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Fig. 2. Alexandrium catenella. Ammonium (F) and N-urea
uptake rates (s) obtained for the strains (a) TL01 and
(b) ACT03 after an addition of 10 µgatN l–1 of urea and along
a graded NH4

+ concentration ([NH4
+]) of 0 to 10 µgatN l–1. The

modeled curves of NH4
+ and N-urea uptake data correspond 

to the solid and dashed lines, respectively
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French strains (Ks-NH4
+ < 2.2 µgatN l–1) to the Spanish

strains (Ks-NH4
+ > 3.5 µgatN l–1) when a high urea con-

centration was added.

Total N fluxes

Data of the summed uptake rates of NH4
+ and N-

urea (total N uptake rates, VN-tot) represent N uptake
capacities when both nutrients are present in the
medium and reflect the competitiveness of each strain
in these multi-nutrient conditions. Results obtained
along the urea gradient and the NH4

+ gradient are pre-
sented in Fig. 3a and b, respectively. Similar patterns
were observed for the 5 strains along the varying nutri-
ents conditions, with 2 different kinds of variations
depending on the nutrient gradient tested.

When urea concentration was high (10 µgatN l–1),
VN-tot increased with increasing NH4

+ concentration
according to Michaelis-Menten kinetics for the 5
strains (Fig. 3a). The composite kinetic parameter val-
ues for the total N fluxes are summarized in Table 3.
Contrary to Vmax-tot values, the comparison of Ks-tot val-
ues between strains highlights 2 contrasting groups:
the French strains (Ks-tot ≤ 2.6 µgatN l–1) and the Span-
ish strains (Ks-tot ≥ 6.8 µgatN l–1). This difference in 
Ks-tot suggests higher N uptake capacities for the
French strains at low NH4

+ concentration when the
urea concentration is high (10 µgatN l–1). This was con-
firmed by the fact that VN-tot mean values of the French
strains were significantly different (2-tailed paired 

t-test using GraphPad Prism version 4.00 for OSX,
GraphPad Software) from those of the Spanish strains
below 5 µM NH4

+ (arrow in Fig. 3a), while they were
not for the other concentration values.

No clear trend in VN-tot could be defined along the
urea gradient (0 to 10 µgatN l–1) with an addition of
10 µgatN l–1 of NH4

+ (Fig. 3b). Estimation of VN-tot mean
values through the urea gradient (Table 2) allows for
the assessment of the N-uptake capacities of each
strain under a high NH4

+ concentration, whatever the
urea concentration. The range of mean values
obtained is bracketed by 2 French strains, VGO815
and ACT03. With a VN-tot mean value of 0.026 ±
0.005 h–1, VGO815 appeared to be the most competi-
tive strain when the NH4

+ concentration was high.
Conversely, ACT03 showed poor competitive abilities
(VN-tot mean value of 0.012 ± 0.002 h–1) under the same
nutrient conditions.

DISCUSSION

Even if NO3
– may be considered as a potential inter-

fering factor for NH4
+ and N-urea uptake estimations

in the present results, its influence is probably negligi-
ble. Stock cultures grown on an NO3

– based medium
could lead to underestimations of NH4

+ and N-urea
uptake rates due to pre-conditioning effects. However,
from short time-series experiments using French and
Spanish strains of Alexandrium catenella, Jauzein et
al. (2008) obtained linear trends in uptake rates of
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Fig. 3. Alexandrium catenella. Total N uptake rates (from NH4
+ and urea) obtained (a) under a constant urea concentration of

10 µgatN l–1 coupled with a graded NH4
+ concentration ([NH4

+]) of 0 to 10 µgatN l–1 and (b) under the reverse nutrients condi-
tions, a constant NH4

+ concentration of 10 µgatN l–1 coupled with a graded urea concentration ([urea]) of 0 to 10 µgatN l–1. These
data compile the results obtained for the 5 strains tested, the French strains VGO815 (d), TL01 (××⏐⏐), and ACT03 (m), and the Span-
ish strains VGO715 (e) and VGO565 (h). Modeled curves are represented by solid lines for the French strains and dashed lines 

for the Spanish strains. The black arrow in (a) points to the threshold concentration of 5 µgatN l–1
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NH4
+ and N-urea with time over 1 h, following the

same protocol. Such trends allowed us to reject any
potential interference associated with pre-condition-
ing effects as well as with surge uptake processes due
to maintenance under low N conditions before starting
incubations. Furthermore, significant NO3

– concentra-
tions measured during experiments require the poten-
tial effect of NO3

– on NH4
+ and N-urea uptake to be

assessed. Concerning NH4
+ uptake, NO3

– has some-
times been reported to reduce its uptake, but the effect
was only slight (2 to 15%) in Monochrysis lutheri (Cap-
eron & Ziemann 1976) and Skeletonema costatum
(Dortch & Conway 1984). Larger effects were only
observed either in N-deficient cells (Dortch & Conway
1984) or at values above 8 µM NO3

– (Cochlan & Harri-
son 1991). No effect was reported by Terry (1982) on
Thalassiosira weissflogii, Nakamura (1985) on Cha-
tonella, and Lund (1987) on S. costatum, even at 10 µM
NO3

–. Similar characteristics have been reported for
the potential interaction between NO3

– and N-urea.
The influence of NO3

– on N-urea uptake has only been
reported by Lund (1987) for S. costatum and by Molloy
& Syrett (1988) for Chlorella emersonii and Phaeo-
dactylum tricornutum. In these studies, N-urea uptake
was reduced by only 10 to 24% at respective levels of
10 and 10 000 µM NO3

–. No effect of NO3
– (40 to 50 µM)

was evident from data of Grant et al. (1967) and Waser
et al. (1998) on 4 species of marine phytoplankton.
Given that NO3

– concentrations were always under
5.7 µM during our experiments (Table 1) and cells
were N-sufficient, we assumed that interaction with
NO3

– may be considered as not interfering in the
trends observed for NH4

+ and N-urea uptake.
For all strains, a difference by a factor of 10 was

observed between VNH4
+ and VN-urea values after an

addition of 10 µgatN l–1 of NH4
+. This discrepancy

implies low capacities of Alexandrium catenella cells
to take up N-urea when NH4

+ concentration in the
medium is high. Depending on the strains, this N-
uptake characteristic may be explained by low intrin-
sic N-urea uptake capacities or by an NH4

+–urea
interaction.

Characteristics of the NH4
+ inhibition of urea uptake

Among all potential interactions between N sources
available for phytoplankton growth, most ecological
studies have focused on the NH4

+ effect on NO3
–

uptake (Dortch 1990 and references therein). The
results of the present study point out the importance of
another potential nutrient interaction with the strong
inhibition of NH4

+ on urea uptake noted for Thau
lagoon strains of Alexandrium catenella. Even if only a
few studies have been conducted on this interaction,

such an NH4
+ inhibition of urea uptake has been previ-

ously observed for other phytoplankton taxa, such as
diatoms (Horrigan & McCarthy 1982, Lund 1987) or
freshwater cyanobacteria and chlorophytes (Healey
1977), and for field plankton communities (McCarthy &
Eppley 1972, Irmisch 1991, Tamminen & Irmisch 1996).
The inhibition characteristics reported in these previ-
ous studies show a high variability, both for the level of
inhibition observed (from 15% to 90%) and for the
threshold of NH4

+ concentration needed to depress
urea uptake. The only 2 studies that present inhibition
data along an NH4

+ gradient reported 2 distant thresh-
old values, 2 µgatN l–1 in the study of Healey (1977)
and 50 µgatN l–1 in the work of Tamminen & Irmisch
(1996). Another difference in the inhibition character-
istics may also be noted in the time scale over which
the inhibition process is implemented. The NH4

+ addi-
tion may induce an instantaneous decrease in urea
uptake (Lund 1987) or after a time lag as observed in
cases reported by Horrigan & McCarthy (1982) and
Tamminen & Irmisch (1996). Such differences in the
reactivity time may suggest differences in the control
of the inhibition process. An immediate inhibition
effect may indicate a direct repression of the urea
transport activity, while a time lag may reflect a more
complex regulation system such as a disruption of the
synthesis/degradation cycle in transport proteins or a
control system by an internal pool.

The NH4
+–urea interaction observed in the present

study was strictly an NH4
+ inhibition of urea uptake,

and more precisely on the Vmax-urea according to the
protocol employed. This ‘one way’ interaction contrasts
with the results of the 2 previous studies where mutual
interaction experiments were conducted (Healey 1977,
Lund 1987), and for which the NH4

+ inhibition of urea
uptake was coupled with a parallel inhibition of urea
on NH4

+ uptake. The use of an inhibitor concentration
gradient ranging from 0.1 to 10 µgatN l–1 has led to a
visualization of a regular hyperbolic decrease of urea
uptake with increasing NH4

+ concentration. This
detailed pattern of the NH4

+ inhibition of urea uptake
is the first reported for phytoplankton species and
allows characterization of the NH4

+–urea interaction
using an adequate modeling approach.

To date, studies on NH4
+–NO3

– interactions have led
to the most abundant available data on nutrient inter-
actions, resulting from 4 decades of experiments
(Dortch 1990 and references therein). This well docu-
mented NH4

+–NO3
– interaction has allowed a strong

modeling effort, from laboratory experiments to
marine ecosystem models (e.g. Sarmiento et al. 1993,
Chapelle et al. 2000). Numerous mathematical formu-
lations have been proposed to simulate the co-limita-
tion between these nutrients, making the interaction
modeling somehow confusing (Tian 2006) when the
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choice among them may be critical in the case of
ecosystem simulation (Andersen & Heibig 1998,
Sharada et al. 2005). The lack of knowledge on the
processes involved in the NH4

+–urea interaction
makes the mechanistic models, relying on uptake reg-
ulation by feedback mechanisms and internal bio-
chemical pools (e.g. Flynn 2001), too complex to simu-
late this inhibition. A modeling approach referring
only to external nutrient concentrations appears to be
adequate in the present case. When modeling the
NH4

+–NO3
– interaction, modelers usually set as a pos-

tulate that Vmax-N1/Vmax-N2 = 1, where Vmax-N1 and
Vmax-N2 are the maximal uptake rates of both nutrients
without interaction processes. However, this relation
may not be verified in the case of the NH4

+–urea inter-
action. Even if the results of Collos et al. (2004) on the
nitrogenous nutrition of Alexandrium catenella cells
presented similar values for Vmax-NH4

+ and Vmax-urea,
the present investigation demonstrates that it was not
the case for all strains of A. catenella.

Following the recommendations of Sharada et al.
(2005) and Tian (2006), 2 formulations (Parker 1993,
Varela & Harrison 1999) were tested with our data. The
equation proposed by Varela & Harrison (1999)
appeared to generate the most efficient simulation of
the inhibition process observed for Thau lagoon
strains. The accuracy of this formulation is strength-
ened by the fact that it gathers the 3 essential proper-
ties defined by Sharada et al. (2005), i.e. similarity,
hyperbolicity, and incomplete inhibition.

From the model fitting, the inhibition parameters Imax

(maximum inhibition) and KI (inhibition constant) were
generated and allow characterization of the urea
uptake inhibition observed for the Thau lagoon strains
of Alexandrium catenella. The TL01 and ACT03
strains showed an inhibition of urea uptake that was
particularly strong (Imax ≥ 75%) and sensitive to NH4

+

concentration (KI ≤ 1.47 µgatN l–1). The range of values
obtained for Imax and KI appears to be similar to that
reported for the NH4

+ inhibition on NO3
– uptake of the

dinoflagellates A. minutum (Maguer et al. 2007), Pro-
rocentrum minimum, and Gyrodinium uncatenum
(Lomas & Glibert 1999). However, this similarity is not
sufficient to assume identical mechanisms of regula-
tion between these distinct interactions.

The influence of NH4
+ concentration on N-urea

assimilation by Alexandrium catenella cells may not be
restricted to the uptake process. For A. catenella, the
assimilation of N-urea involves the enzyme urease
(Dyhrman & Anderson 2003). An inhibition of the
activity of this enzyme by NH4

+ concentration has been
previously reported for diatoms (Lomas 2004) and
freshwater cyanobacteria (Singh 1992), pointing out
the interest of studying such a potential influence for
A. catenella.

Variability between strains and ecological
considerations

From the estimation of total N uptake rates (from
NH4

+ and N-urea, VN-tot), it is possible to describe fur-
ther aspects of the control of N uptake by Alexan-
drium catenella cells and to compare N uptake
capacities of the different strains in a range of nutri-
ent conditions. For all strains, VN-tot was mostly con-
stant along the urea gradient, whereas an increase
was observed along the NH4

+ gradient. This suggests
that the total N uptake by A. catenella cells may be
mainly governed by the NH4

+ concentration when
both nutrients are present. In addition, the strong
inhibition of NH4

+ on N-urea uptake noted for the
French strains enhances the importance of this NH4

+

control of total N flux for these strains. In this particu-
lar case, the increase in VN-tot along the NH4

+ gradi-
ent arises from the compilation of 2 inverse trends: a
decrease in VN-urea together with an increase in VNH4

+.
This suggests that N-urea uptake losses induced by
NH4

+ inhibition were more than compensated for by
the NH4

+ uptake. Such a compensatory effect may
also be noted in the results of Healey (1977) and
Lund (1987) on other phytoplankton species and
points out that the NH4

+ inhibition of N-urea uptake
is not a competitive disadvantage for these cells.
Moreover, this compensation of the NH4

+ inhibition
allows an increase in VN-tot with the diversification of
the potential N sources. A similar consideration may
be made for the Spanish strains but from the lack of
NH4

+–urea interaction.
Considering the VN-tot values obtained along the

NH4
+ gradient, French strains appeared to be more

competitive than the Spanish ones in an environment
characterized by NH4

+ concentration below 5 µgatN
l–1 (see Fig. 3) and high urea (as 10 µgatN l–1) con-
centrations. This competitive ability may be ex-
plained by better capacities of the French strains to
take up NH4

+ at low concentrations (lower Ks-NH4
+

than the Spanish strains) but also by higher capacities
to take up N-urea when the NH4

+concentration is
low, in particular for the ACT03 strain. These uptake
capacities may be examined relative to the nutrient
conditions reported for each originating area of the
strains. Ranges of dissolved inorganic nitrogen con-
centrations during Alexandrium catenella blooms are
usually higher in Barcelona and Tarragona harbors in
Spain (0.4 to 36 µgatN l–1 of NO3

–; 0.1 to 17.9 µgatN
l–1 of NH4

+) than in Thau lagoon in France (0.1 to
4.4 µgatN l–1 of NO3

–; 0.2 to 9.6 µgatN l–1 of NH4
+;

Ifremer and Institut de Ciències del Mar unpubl. data
collected in 2000 to 2003 from 2 and 4 blooms,
respectively, for French and Spanish sites). Further-
more, high dissolved organic nitrogen concentrations
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(up to 26 µgatN l–1) have been measured during
these blooms in Thau lagoon. Thus, the differences
noted in KS-tot values between Spanish and French
strains may reflect particular metabolic adaptations of
the strains to their respective environment.

Although French strains appear well adapted to an
environment with low NH4

+ concentration, they pre-
sent different ranges of optimal nutrient conditions.
For example, with a high Vmax-NH4

+ coupled with a
low Ks-NH4

+, VGO815 showed competitive abilities to
take up NH4

+ under a large range of NH4
+ concentra-

tions, whatever the urea concentration. With the low-
est Vmax-NH4

+, ACT03 did not show efficient N-uptake
capacities when the NH4

+ concentration was high but
presented the highest ability to use urea as a major N
source when NH4

+ concentration was low. Such diver-
sity between strains of the same originating area
allows us to consider 2 potential ecological strategies
for Alexandrium catenella, which can be called adapt-
ability or efficiency. If the strategy points to adaptabil-
ity, no selection of N-uptake characteristics occurs
from nutrient conditions during the bloom develop-
ment, keeping the diversity in N-uptake capacities at
the population level. In this case, the global N-uptake
rate of the population may be maintained even if the
environmental conditions vary but an optimal uptake
and competitiveness are prevented. The efficiency
strategy requires a selection phase of the cells. It leads
to a population well adapted to the instantaneous envi-
ronmental conditions with an optimal N uptake but
very sensitive to changes in nutrient conditions. Only a
biomolecular approach of the genetic variability of
blooming A. catenella cells may give broad insight on
the ecological strategies encountered in the field and
on the potential selection of genotypic and phenotypic
characteristics.

CONCLUSION

Ammonium concentration appeared to be the main
factor controlling N uptake by Alexandrium catenella
cells when NH4

+ and urea are simultaneously present
in the medium. For the French strains tested, this con-
trol is reinforced by a strong inhibition of NH4

+ on N-
urea uptake. The potential influence of NH4

+ on the
urease activity of these cells must be analyzed to
achieve a complete understanding of the control of N-
urea assimilation. This understanding is complicated
by a high variability noted between strains of A.
catenella. If part of this variability may be associated
with environmental adaptations, this diversity allows a
potential selection of the cells during bloom develop-
ments with regard to their NH4

+ and N-urea uptake
characteristics.
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