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INTRODUCTION

In marine waters, N availability generally controls
primary production (e.g. Hecky & Kilham 1988) and is
an important potential growth-limiting factor with
ambient dissolved inorganic N concentrations of
<1 µM (Flores & Herrero 2005). In such environments,
cyanobacteria that can fix atmospheric dinitrogen (N2)
have a competitive advantage over most other photo-
autotrophic species. In the tropical and temperate
oceans, N2-fixing cyanobacteria can be extremely
abundant and account for a considerable input of com-
bined N into the upper mixed layer (Montoya et al.
2002, Capone et al. 2005), with a strong impact on local
community production (e.g. Tseng et al. 2005). There-
by, they transiently dominate primary productivity and
N cycling (e.g. Capone et al. 1998). Estimates of global

biological N2 fixation are in the range of 80 to 110 Tg N
yr–1 (Gruber & Sarmiento 1997). Local N2 fixation rates
for the North Atlantic Ocean are in the range of 259 to
864 mmol N m–2 yr–1 (Capone et al. 2005) and mainly
attributed to the activity of Trichodesmium spp. For the
Baltic Sea, estimations of N2 fixation are in the range of
55 to 840 mmol N m–2 yr–1 (Wasmund et al. 2005). A
significant fraction of this recently fixed N can be
directly released by cyanobacteria, which dispense up
to 80% of the N into the surrounding environment
(Bronk et al. 1994, Glibert & Bronk 1994, Ohlendieck et
al. 2000, Mulholland et al. 2004). This total dissolved N
(TDN) is composed of dissolved inorganic (DIN: NH4

+,
NO2

–, NO3
–) and organic nitrogen (DON: e.g. dissolved

free amino acids [DFAA]). The latter might even be
quantitatively dominating (Capone et al. 1994, Glibert
& Bronk 1994, Berman & Bronk 2003). Several expla-
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nations for the active exudation of dissolved organic
matter (DOM) can be found in the literature, such as
the release of excess photosynthate (Fogg 1983) or
DON to supply cells within the colony lacking the
enzyme nitrogenase (Capone et al. 1994, Mulholland
et al. 2004). Indirectly, N, incorporated into dia-
zotrophic biomass, can be liberated by processes like
sloppy feeding and excretion from zooplankton (e.g.
Dagg 1974), viral lyses (Fuhrman 1999) and pro-
grammed cell death (Madeo et al. 2002, Berman-Frank
et al. 2004).

To date, the knowledge about the dynamics of DOM,
especially DON production in marine ecosystems, is
still limited. It is not clear which factors regulate the
exudation of DON in cyanobacteria. Lomas et al.
(2000) postulated an internal factor being responsible
for the increased release of nitrogenous compounds
during periods of imbalanced cellular energy condi-
tions in diatoms and flagellates. This effect occurred to
accelerate the dissipation of excitation energy through
processes other than photosynthetic C metabolism. On
the other hand, nutrient supply and physiological con-
dition may stimulate the exudation of DON as shown in
batch culture studies (Watt 1969, Fogg 1983). Conse-
quently, algae that are replete in N and whose cellular
N demand is fulfilled in excess tend to release more
DON, especially in the exponential growing phase
(Myklestad et al. 1989). Moreover, Nagao & Miyazaki
(2002) showed that DON release depends on the N
source (NO3

– vs. NH4
+) and this release is not necessar-

ily derived from recently assimilated N. Additionally,
N2 fixation itself can be limited by iron and phosphorus
(Mills et al. 2004). Thus, any enhancement in available
limiting nutrients should increase the release of TDN
as soon as the cells are more N-replete.

The aim of the present study was to examine possi-
ble factors that regulate the release of TDN and dis-
solved organic carbon (DOC) in N2-fixing cyanobacte-
ria. Three questions were addressed. (1) Are DON and
DOC released during the course of a diel cycle which is
unaffected by any stress through high light or nutrient
concentrations? (2) Which role do short-term imbal-
anced cellular energy conditions play? (3) Does the
metabolic condition, like phosphorus availability,
influence the release of TDN and DOC? Two marine
cyanobacteria species were studied: the tropical, non-
heterocystic Trichodesmium erythreum and the tem-
perate, heterocystic Nodularia spumigena.

MATERIALS AND METHODS

Culture condition and survey of a diel cycle. The
heterocystic cyanobacterium Nodularia spumigena
was isolated from the Baltic Sea and maintained at the

Leibniz Institute for Baltic Sea Research in batch cul-
tures on F/2 medium free of any combined N com-
pounds. The non-heterocystic Trichodesmium ery-
threum, strain IMS101, was originally isolated from the
Atlantic Ocean and was obtained from the IFM-GEO-
MAR, Kiel, Germany. T. erythreum was grown in batch
cultures on YBCII medium (Chen et al. 1996) at 30°C
under an alternating cycle of 12:12 h light:dark (cool,
white fluorescent lighting; normal light [NL]: 100 µmol
photons m–2 s–1). N. spumigena was cultured at 15°C in
a walk-in incubation chamber supplied with a light
cycle of 16:8 h light:dark (cool, white fluorescent light-
ing; NL: 60 µmol photons m–2 s–1). Cultures of both
species were axenic when starting the experiments.
Overall bacterial biomass during the course of the
long-term experiments (>1 d) never exceeded 1% of
cyanobacterial biomass. Cultures were routinely
mixed to prevent adhesion of cyanobacteria to the
sides of the culture vessels. To initiate the investigation
of the diel cycle, duplicate 250 ml polycarbonate incu-
bation bottles containing N-free medium were inocu-
lated with equal volumes of an exponentially growing
T. erythreum or N. spumigena parent culture and the
stable isotope tracer (15N2, NaH13CO3) at the same
starting point. Trichome number of both species was
identical in all setups. To follow the diel cycle of N2 and
C fixation, particulate organic N (PON) and C (POC),
chlorophyll a (chl a), as well as the concentrations of
DIN, TDN, DOC and DFAA were measured in dupli-
cates by gently vacuum filtrating over GF/F (What-
man) filters every 2 h for a total of 24 to 26 h. This setup
was carried out twice for both species. A summary of
experimental conditions is given in Table 1.

Experimental design. Light shift and nutrient supply
experiments: Light shift experiments were initiated by
inoculating replicate culture vessels containing N-free
medium with equal volumes of an exponentially grow-
ing parent culture. The first subset of triplicate vessels
was exposed to the light intensity applied during the
normal culturing process (NL: 100 and 60 µmol pho-
tons m–2 s–1 for Trichodesmium erythreum and Nodu-
laria spumigena, respectively), while the second sub-
set of triplicates was simultaneously exposed to high
light (HL) intensities (HL: 200 and 120 µmol photons
m–2 s–1 for T. erythreum and N. spumigena, respec-
tively; see Table 1). Concentrations of DIN, DFAA,
TDN, DOC and chl a were measured at 30, 60, 120, 180
and 360 min after exposure to the respective light
regime. Rates of N2 and C fixation, as well as PON and
POC concentrations, were obtained by using particu-
late matter collected on pre-combusted glass fiber fil-
ters (GF/F, Whatman).

Additionally, a control set was run in Nodularia
spumigena cultures to test for photochemically driven
elevation in the concentration of dissolved compounds.
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Cyanobacteria were filtered through GF/F filters prior
to light exposure. Light intensity was measured in the
400 to 700 nm range (photosynthetically available radi-
ation [PAR]) using a spherical quantum sensor (QSL-
101, Biospherical Instruments).

The cultures which were used to investigate the
influence of the phosphorus concentrations were pre-
incubated for 3 d in medium containing very low phos-
phorus concentrations (<0.1 µM) in order to empty all
intracellular P-storages. Subsequently, 3 subsets of
triplicates were used to study the effect of low (1 µM)
medium (10 µM) and high (20 µM) phosphorus concen-
trations in 2.3 l polycarbonate incubation bottles. Inoc-
ulation of all replicates was started simultaneously by
adding the same amount of cyanobacterial parent cul-
ture and stable isotope tracer. Subsamples were sacri-
ficed on a daily basis for 5 consecutive days to measure
rates of N2 and C fixation and DIN, DFAA, TDN and
DOC concentrations in the growth medium. Daily rate
measurements were always made at 16 h.

Nutrient and chl a analysis: Subsamples of the fil-
trates were taken for the analysis of dissolved nutrients
(NH4

+, NO2
–, NO3

– and PO4
3–) and measured colori-

metrically in a spectrophotometer U 2000 (Hitachi-
Europe) according to Grasshoff et al. (1983) with a pre-
cision of approximately ±0.1 µM. Nitrate and nitrite
concentrations remained undetectable in the course of
all culture experiments. Chl a filters were extracted in

ethanol prior to fluorometric determination of concen-
tration.

Analysis of DFAA: DFAA were separated via HPLC
(Elite LaChrom VWR) using a reversed phase column
(5 h, LiChroCart 125-4, MERCK) at a temperature of
55°C. A multi-step gradient elution was used with a
flow rate of 1 ml min–1. Solvent A contained 50 mM
formic acid and 60 mM acetic acid (pH 2.9); solvent B
contained 50 mM formic acid, 60 mM acetic acid and
50% 2-propanol (pH 2.9). Prior to measurement, the
amino acids were derivatised with dansyl chloride
(Wiedmeier et al. 1982). The quantification of the dan-
syl derivatives of alanine (Ala), arginine (Arg), aspa-
ragine (Asp), glutamine (Glu), glycine (Gly), leucine
(Leu), lysine (Lys), proline (Prol), serine (Ser), taurine
(Tau) and valine (Val) were performed by fluorescence
detection (excitation 320 nm, emission 490 nm).

TDN, DOC and DON: TDN and DOC concentrations
were determined simultaneously in the filtrate by high
temperature catalytic oxidation with a Shimadzu TOC-
VCPN analyser. In the auto–sampler, 6 ml of sample
volume (in pre-combusted vials) was acidified with
0.12 ml HCl (2 M) and sparged with O2 (100 ml min–1)
for 5 min to remove inorganic C. A sample volume of
50 µl was injected directly on the catalyst (heated to
680°C). Detection of the generated CO2 was performed
with an infrared detector. Final DOC concentrations
were average values of triplicate measurements. If the
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Treatment Trichodesmium erythreum Nodularia spumigena

Diel cycle
Growth media YBCII F/2
Light:dark (h) 12:12 16:8
Light intensity (µmol photons m–2 s–1) 100 60
PO4

3 (µM) 10 10
Time of incubation (h) 24 26
No. experimental runs 2 2
No. replicate incubation bottles 2 2

Light NL HL NL HL
Growth media YBCII F/2
Light:dark (h) 12:12 16:8
Light intensity (µmol photons m–2 s–1) 100 200 60 120
PO4

3 (µM) 10 10
Time of incubation (h) 6 6
No. experimental runs 1 1
No. replicate incubation bottles 3 3

Phosphorus (P) Low P Mid P High P Low P Mid P High P
Growth media YBCII F/2
Light:dark (h) 12:12 16:8
Light intensity (µmol photons m–2 s–1) 100 60
PO4

3 (µM) 1 10 20 1 10 60
Time of incubation (d) 5 5
No. experimental runs 1 1
No. replicate incubation bottles 2 2

Table 1. Overview of experimental setup. Detailed information is given in ‘Materials and methods’. NL: normal light; HL: high light
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standard variation or the coefficient of variation ex-
ceeded 0.1 µM or 1%, respectively, up to 2 additional
analyses were performed and outliers were eliminated.
Total N was quantified by a chemiluminescence detec-
tor (gas flow O2: 0.6 l min–1). After every 5 samples, 1
blank and 1 standard was measured for quality control.
The concentration of DON was obtained indirectly by
subtracting the measured values of TDN and DIN.

Isotopic analysis and rates measurements: Stable N
and C isotope ratios (δ15N-PON, δ13C-POC) as well as
PON and POC concentrations were measured by
means of flash combustion in a Carlo Erba EA 1108 at
1020°C in a Thermo Finnigan Delta S mass-spectrom-
eter. Filters containing particle samples were trimmed,
sectioned and then loaded into tin capsules and pel-
letised for isotopic analysis. The stable N and C isotope
ratios measured for each sample were corrected
against the values obtained from standards with de-
fined N and C element and isotopic compositions
(International Atomic Energy Agency [IAEA]: IAEA-
N1, IAEA-N2, NBS 22 and IAEA-CH-6) by mass bal-
ance. Values are reported relative to atmospheric N2

(δ15N) and Vienna PeeDee Belemnite (VPDB; δ13C).
The analytical precision for both stable isotope ratios
was ±0.2‰. The calibration material for C and N
analysis was acetanilide (Merck). N2 fixation activity
was measured using the 15N-N2 assay, C fixation using
13C-NaHCO3. Tracer incubations were terminated by
gentle vacuum filtration through pre-combusted GF/F
filters; these filters were dried at 60°C and stored for
isotopic analysis. Rates were calculated using the
approach of Montoya et al. (1996). To compare these
results to data from the literature and to relate them to
biomass, rates were chl a-normalized. Atom percent-
age excess enrichment in the DON and DIN pool was
not measured. Since the cultures used were axenic at
the start of the experiments, release and uptake of
compounds were computed by determining the differ-
ence in concentration (c) of NH4

+, DON and DOC for
each time point (t) in comparison to the previous sam-
pling:

ΔcTDN/DOC = cTDN/DOCt – cTDN/DOCt – 1

Positive values reflect a surplus in concentrations
and therefore net release, whereas negative values
reflect loss in concentration due to net uptake. Release
rates were chl a-normalized.

Statistical analysis. Statistical analysis was done
using SPSS. A student’s t-test (Tukey’s multiple com-
parison test) was conducted to determine whether the
results obtained from individual treatment incubations
on the effects of light intensity were significantly dif-
ferent. Statistical comparisons of the effect of differ-
ent phosphorus concentrations were made using either
1-way ANOVA for normally distributed data or the 

Kruskal-Wallis ANOVA for data sets which showed no
normal distribution (Maxwell & Delaney 2003). The
check for normal distribution was done using the Kol-
mogorov-Smirnov-test. For analysing the homogeneity
of variances, Levene’s test was applied (Maxwell &
Delaney 2003). Mean ± SD is given throughout the
text.

RESULTS

Diurnal variation in N2- and C-fixation and release
of nitrogenous compounds

The batch culture of Trichodesmium erythreum and
Nodularia spumigena exhibited a characteristic diur-
nal pattern of N2 and C fixation (Fig. 1). N2 fixation
started with the onset of the photoperiod (6 h). Maxi-
mum N2 fixation rates were reached at 16 h with 6.07 ±
2.36 nmol N µg chl a–1 h–1 (n = 4) in T. erythreum and
at 18 h in N. spumigena with a rate of 0.81 ± 0.12 nmol
N µg chl a–1 h–1 (n = 4). The highest rates of C fixation
were found at 18 h with maximum rates in T. ery-
threum of 0.19 ± 0.003 µmol C µg chl a–1 h–1 (n = 4) and
0.52 ± 0 µmol µg chl a–1 h–1 (n = 4) in N. spumigena.
The specific growth rates for the time observed were
equivalent to 0.324 d–1 for T. erythreum and 0.319 d–1

for N. spumigena. The ratios of POC:PON and C:N
fixed levelled at 7.29 ± 0.7 and 10.6 ± 3.2, respectively,
in T. erythreum. During growth in N. spumigena, the
POC:PON ratio was 6.5 ± 0.8. The C:N uptake ratio
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was 6.15 ± 4.8. The concentration of NH4
+ in the batch

medium of T. erythreum rose to a maximum at 8 h and
another local maximum at 18 h, whereas N. spumigena
showed 2 maxima during the light period at 8 and 20 h
and 1 minimum at 14 h (Fig. 2a,b). The absolute con-
centrations were 3.7 times higher for N. spumigena
than for T. erythreum. Normalised release rates of
NH4

+ in T. erythreum showed a maximum of 0.06 ±
0.02 µmol N µg chl a–1 h–1 (Fig. 3a). The maximum
release rate in N. spumigena was 0.10 ± 0.067 µmol N
µg chl a–1 h–1 (Fig. 3b). DON concentrations in the

batch media of both species seemed to fluctuate with a
distinct minimum in concentration at 14 h in N. spumi-
gena and 2 minima at 8 and 18 h in T. erythreum
(Fig. 2c,d). Absolute values of ambient concentration
were lower for T. erythreum by a factor of 4.7 (8.4 vs.
38.5 ± 0.70 µM). The maximum DON release rate in T.
erythreum was 0.35 ± 0.07 µmol N µg chl a–1 h–1 and
in N. spumigena 1.35 ± 0.18 µmol N µg chl a–1 h–1

(Fig. 3c,d). DFAA contribute to the DON pool with
7.9% in T. erythreum and 1.3% in N. spumigena, with
maximum concentrations of 0.48 ± 0.06 and 0.66 ± 0.06
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µM, respectively (Fig. 2e,f). Glu and Gly accounted for
80% of bulk DFAA, but the average percentage of the
dominant amino acid differed significantly between
the 2 species (p < 0.001, n = 12). In T. erythreum, Glu
was the most abundant amino acid (Glu 47.7%, Gly
32.3%), whereas Gly dominated in N. spumigena (Gly
44.6%, Glu 27.4%, Fig. 4). Other detectable DFAA
were Ala, Val, Prol, Asp, Arg, Tau and Lys. The maxi-
mum release rate of bulk DFAA in N. spumigena was
0.012 ± 0.001 µmol N µg chl a–1 h–1 (Fig. 3f); in T. ery-
threum this value was 0.008 ± 0.002 µmol N µg chl a–1

h–1 (Fig. 3e).
There was a pronounced maximum in the DOC con-

centration in Trichodesmium erythreum at 22 h of
189.2 ± 26.2 µmol l–1 (Fig. 2g) and the maximum
release rate of DOC occurred at 18 h (10.9 ± 0.8 µmol

[µg chl a]–1 h–1; Fig. 3g). In Nodularia spumigena there
was a distinct minimum and fluctuation in DOC con-
centration visible at 14 h (Fig. 2 h). The maximum
release rate of 8.4 ± 1.1 µmol µg chl a–1 h–1 occurred at
16 h (Fig. 3h).

Fixation and release of dissolved compounds in
response to a shift in light intensity

Compared with the NL conditions, both species
showed a significant rise in C fixation under HL (p <
0.05, Table 2). The mean values refer to measurements
of 3 replicate incubation bottles after 180 and 360 min
after the beginning of the experiment. In contrast, N2

fixation in Trichodesmium erythreum cultures did not

180

Trichodesmium erythreum Nodularia spumigena

2 6 10 14 18 22

–0.2

–0.1

0.0

0.1

0.2

2 6 10 14 18 22

–0.2

–0.1

0.0

0.1

0.2

2 6 10 14 18 22

–0.8

–0.4

0.0

0.4

0.8

2 6 10 14 18 22

–1.8

–0.9

0.0

0.9

1.8

a

c

e

b

d

f

g h

2 6 10 14 18 22

–0.02

0.00

0.02

Time of day (h)

D
O

C
D

FA
A

D
O

N

R
el

ea
se

 o
r u

pt
ak

e 
(µ

m
ol

 [µ
g 

ch
l a

]–1
 h

–1
)

N
H

4+

2 6 10 14 18 22

–40

–20

0

20

40

2 6 10 14 18 22

–0.02

0.00

0.02

2 6 10 14 18 22

–15

–10

–5

0

5

10

15

Fig. 3. Trichodesmium erythreum and Nodularia spumigena. Diel variation in release or uptake of (a,b) NH4
+, (c,d) dissolved or-

ganic N (DON), (e,f) dissolved free amino acids (DFAA) and (g,h) dissolved organic C (DOC) for T. erythreum and N. spumigena.
Values are means (±SD) of 4 replicates. Positive values indicate release, negative values uptake of compounds. Grey areas 

indicate dark periods



Wannicke et al.: Release of N and C by N2-fixing species

change significantly with doubling in light intensity
(HL and NL: 1.19 ± 0.52 and 0.86 ± 0.41 nmol N µg chl
a–1 h–1, respectively, n = 6), whereas N2 fixation in
Nodularia spumigena was significantly higher in HL
compared with NL treatments (p < 0.05, n = 6, Table 2).
Overall rates were within the range of values obtained
during the survey of the diel cycle (Fig. 1) with the
exception of C fixation in T. erythreum, which was ele-
vated in HL and NL light regimes by a factor of 20 and
13, respectively, compared to rate measurement dur-
ing the day survey. In T. erythreum the ratio of C:N
fixed was 463 ± 80 in HL treatments and 375 ± 94 in NL
treatments; in N. spumigena these ratios were 113 ± 38
and 65 ± 21, respectively.

Changes in concentrations of NH4
+, DON, DFAA and

DOC in the batch medium after exposure to HL are
presented in Fig. 5 and Table 2. A significant increase
was measurable in the ambient concentrations of all
compounds in both species within the first 30 min upon
exposure to HL in comparison to NL conditions, except
for DFAA in both species and DOC in Nodularia
spumigena. After 60 min the concentrations of com-
pounds in the HL treatments resembled those of the
NL treatment. Trichodesmium erythreum exhibited a
net release of DON, NH4

+ and DOC, whereas N.
spumigena showed a net release of only DON and
NH4

+ under the increased experimental irradiance
within the first 30 min (Table 2). To check for photo-
chemically derived increases in TDN and DOC con-
centrations, a control setup was carried out using the
same N. spumigena parent culture and the same light
treatments. Prior to the start of the experiment, algae
were removed by filtering through GF/F filters (What-
man) to stop any biological activity. The control indi-
cated no elevation in the concentration of NH4

+ (p >
0.5, n = 3), DON or DOC between HL and NL treat-
ments (Fig. 5b,d,h). The POC:PON ratios were not dif-
ferent in either cultures or between light treatments. In
T. erythreum, POC:PON ratios were 8.8 ± 1.2 and 8.6 ±
1.6 in HL and NL treatments, respectively; in N. spumi-
gena the ratios were 6.6 ± 0.1 and 6.6 ± 0.2, respec-
tively).

Fixation and release of dissolved compounds under
different phosphorus concentrations

The concentrations of TDN in the treatments did not
differ significantly from each other and were on aver-
age 11 µmol l–1 in Trichodesmium erythreum and
30 µmol l–1 in Nodularia spumigena cultures. The
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Trichodesmium erythreum Nodularia spumigena
HL NL p n HL NL p n

N2 fixation 1.19 ± 0.52 0.86 ± 0.41 0.2 6 1.71 ± 0.54 0.75 ± 0.32 0.01* 6
C fixation 4.37 ± 1.14 2.47 ± 0.51 0.001** 6 1.5 ± 0.68 0.28 ± 0.07 0.002** 6
Release of:
NH4

+ 0.05 ± 0.03 –0.05 ± 0.05 0.02* 3 3.05 ± 0.92 0.13 ± 0.22 0.01* 3
NH4

+ control 0.085 ± 0.104 0.059 ± 0.029 >0.5 3
DON 14.2 ± 95 –9.3 ± 1.2 0.02* 3 4.9 ± 2.1 1.2 ± 0.2 0.04* 3
DFAA 0.12 ± 0.05 0.37 ± 0.06 >0.5 3 –0.007 ± 0.004 0.02 ± 0.04 0.5 3
DOC 196.2 ± 22.4 –69 ± 88 0.01* 3 19.4 ± 6.4 –27.2 ± 35 0.1 3

Table 2. Results of the Student’s t-test on the difference in N2 and C fixation for the observed time interval (360 min) and the
release of NH4

+, dissolved organic N (DON) and dissolved organic C (DOC) for the first 30 min between the 2 experimental
irradiance levels: high light (HL; 200 or 120 µmol photons m–2 s–1) and normal light (NL; 120 or 60 µmol photons m–2 s–1). Units of
single parameters are N2 fixation (nmol N µg chl a–1 h–1), C fixation (µmol C µg chl a–1 h–1), and release of NH4

+, DON, dissolved
free amino acids (DFAA) and DOC (µmol [µg chl a]–1 h–1). Negative release rates indicate uptake of N and C compounds. Values 

are means ± SD. *: p < 0.05; **: p < 0.01; n: number of single measurements
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resulting TDN:DIP ratios were 11, 1 and 0.6 (low, mid
and high P, respectively) in T. erythreum and 31, 3 and
2 (low, mid and high P, respectively) in N. spumigena.

N2 and C fixation rates did not show any significant
trend in both species treated with the different phos-
phorus concentrations (p > 0.1, n = 10, Fig. 6). More-
over, no significant differences occurred in the con-
centration of nitrogenous compounds and DOC
between the 3 applied phosphorus concentrations
during the time of observation. The uptake rates of
phosphorus (calculated from mass balance) for the dif-
ferent treatments were highly variable within the
triplicates, leading to high standard deviations (low
vs. mid vs. high P: Trichodesmium erythreum, 0.01 ±
0.04 vs. 0.01 ± 0.14 vs. 0.04 ± 0.18 µmol l–1 d–1;  Nodu-
laria spumigena, 0.02 ± 0.10 vs. 0.27 ± 1.1 vs. 0.68 ±
1.63 µmol l–1 d–1). The growth rates obtained from T.
erythreum were not statistically different between
phosphorous treatments (0.28, 0.28 and 0.35 d–1 for
low, mid and high P, respectively; p > 0.5, n = 5).
Growth in N. spumigena was significantly higher in
the mid P than the high P treatment (0.35 d–1 and
0.13 d–1; p < 0.05, n = 5), but not in the low P treat-
ment (0.35 d–1 and 0.21 d–1, p > 0.1, n = 5).

Again, there was no significant influence of ambient
phosphorus concentration in the media upon the ratio
of POC to PON in both species (low vs. mid vs. high P;
Trichodesmium erythreum, 6.5 ± 0.8 vs. 6.4 ± 0.6 vs.
6.4 ± 0.5; Nodularia spumigena, 7.21 ± 0.4 vs. 7.58 ±
0.30 vs. 7.64 ± 0.40; p > 0.1, n = 5).

The C:N uptake ratio (C:N fixed) did not differ sig-
nificantly within the applied phosphorus treatments
(low vs. mid vs. high P: Trichodesmium erythreum,
26 ± 8 vs. 28 ± 9 vs. 24 ± 7; Nodularia spumigena, 28 ±
9 vs. 19 ± 13 vs. 18 ± 11; p > 0.1, n = 5).

DISCUSSION

Endogenous control and diel pattern

The present study provides fixation rate measure-
ments and release of both N and C compounds by dia-
zotrophic cyanobacteria over a diel cycle. The overall
fixation rates are at the lower end of previous studies
with maximum N2 fixation rates below 10 nmol N µg
chl a–1 h–1 and maximum C fixation below 1 µmol C µg
chl a–1 h–1 (Berman-Frank et al. 2001, Mulholland et al.
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2004, Mulholland & Bernhardt 2005). The diel pattern
of N2 and C fixation, with a constant rise in the late
afternoon as shown here (Fig. 1), has been reported
previously (Chen et al. 1998, Berman-Frank et al. 2001,
Mulholland & Capone 2000). The fact that 2 indepen-
dent runs using the same exponential growing parent
culture resulted in a similar diel pattern confirmed its
persistence under constant environmental conditions.

Initiation of C fixation occurred rapidly after initia-
tion of the light period, reaching 40% of its maximum
rate in Trichodesmium erythreum and 20% in Nodu-
laria spumigena after 2 h and slowing down in the later
photoperiod (Fig. 1). N2 fixation started slowly and
increased significantly after 4 h in the light (Fig. 1).
This temporal pattern has been shown by Gallon et al.
(2002) and recently by Popa et al. (2007) using the
heterocystic cyanobacterium Anabaena.

The molecular mechanism of the circadian oscillation
of N2 and C fixation are light-dependent and based on
transcription and translation processes and on the
phosphorylation of enzymes to reset the inner clock
(Dunlap 1999, Nishiwaki et al. 2000). In addition, N2 fix-
ation is dependent on energy stored by photosynthesis
(ATP, NADPH2), which adds to the circadian rhythm.
Data collected in the present study showed an identical
progression of N2 and C fixation in Nodularia spumi-
gena and no sequential down-regulation of either pro-
cess, as in heterocystic cyanobacteria both processes
are strictly spatially separated in order to create anaer-
obic conditions for the nitrogenase enzyme. The timing
of N2 and C fixation in the non-heterocystic cyanobac-
terium Trichodesmium erythreum exhibited a slight
down-regulation of C fixation between 16 and 18 h,
while N2 fixation is optimal. This pattern has been ob-
served in other investigations (e.g. Berman-Frank et al.
2001) and is caused by the need to separate N2 and C
fixation. This is necessary because N2 fixation depends
on stored energy (ATP, NADPH2) and is negatively in-
fluenced by the accumulation of oxygen over the light
period. Moreover, both fixation processes are harmo-
nized in non-heterocystic cyanobacteria by allocating
cells with nitrogenase activity within the trichomes and
colonies. Only 12% of trichomes in Trichodesmium
thiebautii seem to actively express nitrogenase (Berg-
man & Carpenter 1991). This in turn causes a supply
problem within colonies in those trichomes that lack ni-
trogenase activity. The surrounding environment then
acts as an extracellular vacuole (Flynn & Gallon 1990).
The oscillation of dissolved compounds detected in the
experiments is therefore not surprising (Figs. 2 & 3).
However, there is no explanation for the observed oscil-
lation in the concentrations of dissolved compounds
also visible in N. spumigena.

The relatively high amount of extracellular NH4
+

(~1 µM, Fig. 2a,b) and DON (10 to 40 µM, Fig. 2c,d)

presumably originated directly from the reduction of
newly fixed N2. The percentage of DFAA in the DON
pool was ~1 to 8%. No further identification of the
remaining DON was performed in the present study,
but possible compounds reported in the literature com-
prise dissolved combined amino acids (DCAA), urea
and ribonucleic acid (Bronk 2002). The concentration
of NO3

– and NO2
– remained below the detection limit

throughout all the investigations.
In spite of NH4

+ and DON being present, N2 fixation
continued (Figs. 1 & 2), which has been shown by other
studies as well (e.g. Ohki et al. 1991, Fu & Bell 2003).
Concentrations of dissolved compounds changed
throughout the day in almost sine-like oscillations,
although the observation period of 2 h is too coarse to
fit the data points with a sine model. The observed
changes in both species had different amplitudes and
frequencies. In Trichodesmium erythreum amplitudes
were smaller and the periods longer than in Nodularia
spumigena. Only the change in the amount of DFAA
(mainly Glu) in T. erythreum was directly and posi-
tively correlated with the rise in N2 fixation. This was
caused by differences in either the release or uptake
rates, such that in T. erythreum these processes were
quicker than the investigation time and accumulation
in the external media was therefore not as pronounced
as it was for N. spumigena (except for DOC). A surplus
in concentration measured in the course of the present
study indicated release and a decrease uptake of com-
pounds (Fig. 3), on the premise that experiments were
done using axenic cultures. On average, 71% of fixed
N2 was exudated by T. erythreum as NH4

+ (41%) and
DON (30%) and 89% in N. spumigena as NH4

+ (39%)
and DON (50%) during the light period. The total rates
(NH4

+ + DON) are high compared to available data
from the literature: in the present study the release of
both NH4

+ and DON was considered, whereas in other
studies often only one of these components was inves-
tigated. Rates of DON exudation obtained here are
well within the rates published (e.g. Capone et al.
1994, Hutchins et al. 2007). Field studies using stable
isotopes as a tracer yielded DON release rates up to
50% (Glibert & Bronk 1994). Investigations using pure
cultures of Trichodesmium erythreum resulted in rates
of up to 81% (Hutchins et al. 2007). The average
release rates of C as DOC in the present study were
~50% in both species, which is within the range of lit-
erature data (Sellner 1997). To date, several studies
have revealed that the release of both TDN and DOC
is a considerable fraction of the net N and C uptake
(Bronk et al. 1994, Slawyk et al. 1998, Varela et al.
2006). Overall, we suggest that the release of com-
pounds in the present study is presumably not regu-
lated by de novo synthesis of permease involved in the
transport of compounds, but rather by the amount of
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previously assimilated N and C and the regulation of
permease activity, as presented by Vincent (1992) and
Flores & Herrero (2005). While uptake of compounds
against a concentration gradient involves a membrane
potential-driven transport and ATP-costly fixation
using the nitrogenase enzyme, the reverse transfer out
of the cell coincides with a concentration gradient.
Cells perceiving a sufficient N status upon fixing N2 do
not increase the synthesis of new permease transporter
to exudate this N in excess, but rather modulate the
activity of the transporter by post-translational regula-
tion (Flores & Herrero 2005). Thus, the observed oscil-
lation of TDN release rates reported here within the
course of the day (Fig. 3) may derive from the con-
sumption and fixation of N and C. Any overconsump-
tion of N relative to C should lead to a release of
nitrogenous compounds. The connection between C
and N metabolism in cyanobacteria is the glutamine
synthetase–glutamate synthase cycle (GS-GOGAT,
Flores & Herrero 1994). Intracellularly produced NH4

+

is incorporated into the C skeletons through GS-
GOGAT in the form of 2-oxoglutarate, which in turn is
used for biosynthesis of Glu and Glu-derived com-
pounds. N deficiency is perceived as an increase in the
intracellular 2-oxoglutarate level, and N excess as a
decrease in the intracellular 2-oxoglutarate level.
Therefore, 2-oxoglutarate acts as a signal by which
cyanobacteria perceive the intracellular N status, lead-
ing to a feedback signal that drives N uptake in the
form of N2 or NH4

+ or N release as NH4
+ or DON.

The phasing of chl a-specific release rates in Tri-
chodesmium erythreum was shorter than the changes
in concentrations, suggesting again that uptake and
release activity was regulated quicker and might not
be fully resolved by an investigation time of 2 h. In T.
erythreum, DOC accumulates during the day with its
maximum in concentration occurring during the night
(22 h). When looking at the various patterns of cycles
during the day, 2 forms can be distinguished. There
are long period cycles of fixation of N and C on the one
hand and short period cycling (presumably <2 h) of
TDN compounds on the other hand, suggesting a
much faster feedback control regulated by the amount
of fixed N and the N status of the individual cell itself
(Lillo et al. 2001). Rapid feedback occurs within sec-
onds, slower feedback depends on the further metabo-
lization (Kerby et al. 1987).

It should be remembered that individual cells within
a trichome in Trichodesmium spp. are not necessarily
in the same stage of the cell cycle. Temporal separation
of N2 fixation and O2 evolving during photosynthesis
may occur, depending on the present stage of the cell
cycle of individual cells within the same trichome or in
trichomes in the colony (Popa et al. 2007, Ohki et al.
2008).

Exogenous control

Fluctuation in cellular light energy supply

Our experiments simulating changing light intensi-
ties support the hypothesis that an increase in cell
energy may not be used completely for biosynthesis
(Lomas et al. 2000). Instead, the energy is dissipated by
the release of dissolved nutrients (NH4

+, DON and
DOC). We observed a rise in C fixation rates in Tricho-
desmium erythreum, whereas N2 fixation did not
increase significantly in this species under HL incuba-
tion (Table 2). It is known that Trichodesmium is
strongly light adapted and needs higher irradiances for
growth than other phytoplankton (Kana 1993). A linear
rise was determined in Kana (1993) in photosynthesis
up to 600 µmol photons m–2 s–1 and saturation was
reached at 1600 µmol photons m–2 s–1 (the light inten-
sity of a full bright sunny day is 1000 µmol quanta m–2

s–1). We assume that the HL intensity in the present
study (200 µmol photons m–2 s–1) was not sufficient to
significantly increase N2 fixation in Trichodesmium
(Table 2). However, the N2 fixation rates of Nodularia
spumigena increased significantly when the cells were
exposed to higher light intensities in the present study
(Table 2), a result in accordance with Evans et al.
(2000, their Fig. 7b), who used light intensities up to
400 µmol quanta m–2 s–1.

The ratios of fixed C:N in the light experiments were
very high in both Trichodesmium erythreum and
Nodularia spumigena (HL treatment 463 and 113, NL
treatment 375 and 65, respectively), indicating that C
and N incorporation were not balanced relative to
somatic demand in light experiments (in HL and NL
treatments). Studies have shown that the ratio of fixed
C:N can be much higher than the Redfield ratio (Orcutt
et al. 2001) and even reach up to 700 (e.g. McCarthy &
Carpenter 1979). The observed periodical uncoupling
of primary production and N2 fixation might be
explained by C ballasting, storage of glucose, lipids
and polyhydroxybutyrates (Romans et al. 1994, Vil-
lareal & Carpenter 2003) and/or exudation of newly
fixed N (Mulholland et al. 2004). Uptake of C in excess
often occurs when phytoplankton photosynthesize
under high light conditions (e.g. Mague et al. 1980)
and dispose the surplus of fixed C as DOC. This might
account for the high ratio of fixed C:N in the HL treat-
ments compared to the ratio observed in the diel cycle
experiments (10.6 ± 3.2 and 6.2 ± 4.8 in T. erythreum
and N. spumigena, respectively). Nevertheless, it does
not explain the high ratios of fixed C:N in the NL treat-
ments, where identical experimental conditions were
applied as in the diel cycle experiments. It should be
noted that parent cultures for both experiments were
taken at different stages of exponential growth. On the
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other hand, fixation in the light experiments was only
surveyed for 6 h (06:00 to 12:00 h), and it could be that
N2 fixation might have increased during a longer
observation period. Much of the C that exceeds the
demands for somatic growth may be put to various
other fitness-promoting uses (Hessen & Anderson
2008) or released as DOC.

Furthermore, there was a striking short-term effect
of increasing light intensity on the concentration of dis-
solved compounds detectable (NH4

+, DON, DFAA and
DOC; Fig. 5). Within the first 30 min after the shift from
NL to HL, concentrations rose in nearly all compounds
in both species (taking the concentrations of the NL
treatment as a reference), except for DFAA. This effect
diminished after 60 min of exposure. Therefore, only
release rates for the first 30 min after exposure were
considered in the following discussion and argumenta-
tion. A control setup using Nodularia spumigena was
applied to prove that the increase in NH4

+, DON and
DOC (control measurements for DFAA were not avail-
able) concentrations solely resulted from the metabo-
lism and physiology of the cyanobacteria and not from
photochemical reactions of dissolved compounds in
the extracellular media. The quantity in the control set
up of dissolved compounds in the extracellular media
did not change (Fig. 5b,d,h).

The release rates calculated for each compound
were significantly higher in HL than in NL treatments
(Table 2), except for the release of DFAA. The release
of DON therefore must comprise compounds other
than DFAA. DON release might be attributed to pas-
sive leakage or disrupted cells. In the latter case, the
dominance of several amino acids measured in the
present study should have been identical to those
found intracellularly. Glu and Gly were the dominant
extracellular amino acids in the present study (Fig. 4),
but dominant intracellular amino acids are usually Glu,
Ala and Arg (Flynn & Gallon 1990). This discrepancy in
composition contradicts a passive efflux or the break-
age of cells in the present study. Overall, exudation is
still controversially discussed in the literature. Whether
it is an overflow mechanism, where excess photosyn-

thetic products are actively released when the fixation
rates exceed the rate of macromolecular synthesis
(Wood & van Valen 1990), or a passive diffusion of
small metabolites through the cell membrane
(Bjørnsen 1988) remains unclear. If the overflow mech-
anism dominates, significant DON and DOC produc-
tion would preferentially occur under conditions of
high irradiance and low nutrient concentration (molar
N:P of 3.2 in Alcoverro et al. 2000) as a mechanism for
dissipating cellular energy (Wood & van Valen 1990).

If passive diffusion is the main mechanism, DOC and
DON production can take place whenever a pool of
small, recently fixed metabolites is available. The find-
ings in the present study support the opinion that exu-
dation is an active and adaptive process reacting
towards changes in the energy status of cells. To
underline our hypothesis, we also tested the potential
of active exudation of NH4

+ and DON as a sink for elec-
trons by quantifying the percentage of electrons con-
sumed by these processes (Table 3) as has been carried
out by Lomas et al. (2000) for diatoms and flagellates.
In particular, the numbers of electrons that were
required to yield the observed extracellular accumula-
tion of NH4

+ and DON in the HL treatment were calcu-
lated, relative to the number of electrons harvested
during the given time interval. The chl a-specific
release was multiplied by a total of 8 electrons
required for fixation of N2 and production and release
of NH4

+ and DON. The number of electrons harvested
by the cells (per µg chl a) in the same time period was
calculated using the formula given by Lomas et al.
(2000):

Electrons harvested = E × T × a* × 0.5

with E being the incident irradiance (photons m–2 s–1),
T the time interval (180 s in this case), a* the chl a-spe-
cific absorption (m2 mg–1 chl a) and 0.5 a constant,
assuming a 50% distribution of chlorophyll between
the photosystems (Falkowski & Raven 1997). Species-
specific values for a* used in the present study are
given in Table 3. The percentages of electrons con-
sumed supporting the observed accumulation of dis-
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Species a* Compound  % electron Source
released consumption

Max Min

Trichodesmium erythreum 0.0187 NH4
+ 0.18 0.03 Subramaniam et al. (1999)

DON 52.4 10.5

Nodularia spumigena 0.024 NH4
+ 8.79 4.72 Metsamaa et al. (2006)

DON 15.5 4.6

Table 3. Estimates of average percentage of electron consumption supporting the observed rates of NH4
+ and dissolved organic N

(DON) release under the experimental irridiance at high light (200 or 120 µmol photons m–2 s–1) between 0 and 30 min. a*
(m–2 mg chl a–1) represents the chlorophyll-specific absorption coefficient
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solved N compounds (Table 2) under HL treatment
were ~52% in Trichodesmium erythreum and ~16% in
Nodularia spumigena; these are average values over
the first 30 min of exposure (Table 3). The results from
the concentration measurements (Fig. 5) as well as the
calculated number of electrons needed for the
observed accumulation of TDN in the media further
support the hypothesis that release of N compounds is
an active way to dissipate excess energy consumed.
The differences in percentage between the 2 species
might result from the differences in the overall avail-
able light intensity and resulting number of possible
electrons harvested (200 µmol photons m–2 s–1 in T.
erythreum and 120 µmol photons m–2 s–1 in N. spumi-
gena). Additionally, release might be more instanta-
neous and pronounced in the non-heterocystic T. ery-
threum because cells within the filament fixing N2 are
not coated with a 3-layer envelope like in heterocysts,
which in turn is impermeable to ions (Haselkorn 1978).
N2 fixed in heterocysts of N. spumigena cultures must
firstly be exported via permease into adjacent vegeta-
tive cells where it is subsequently released into the
extracellular environment. Overall, when light energy
is available in excess, the release of NH4

+ and DON
may serve as a short-term sink for electrons, in addi-
tion to other dissipation processes being activated
within minutes (e.g. Mehler reaction, heat dissipation).
Adaptations on the macromolecular basis (e.g. the
adaptation of abundance of the messenger RNA
encoding the light-harvesting chlorophyll proteins)
even take longer, from 2 h after the onset of light shifts
to 12 h (Fujita et al. 1994, Falkowski & Raven 1997).

Fluctuation of nutritional status

A co-limitation of N2 fixation by iron and phosphorus
has been documented by several studies (e.g. Mills et
al. 2004, Degerholm et al. 2006). Our results are insuf-
ficient to clearly verify the hypothesis that increases in
the supply of limiting nutrients like phosphorus fuel N2

fixation and thus the release of nitrogenous com-
pounds. There were no significant differences in fixa-
tion of both compounds when comparing the applied
phosphorus concentrations in the batch media (Fig. 6).
Overall, the experimental setup testing the influence
of PO4

3– addition on N2 and C fixation and exudation of
TDN and DOC was using phosphorus concentrations
which turned out to be too high to identify any signifi-
cant trend. The resulting N:P ratios of dissolved com-
pounds were 10, 1 and 0.5 (low, mid and high P), con-
sidering the ambient NH4

+ and DON concentrations in
the batch media (10 µM, data not shown). Besides the
low N:P ratio, cyanobacteria were not N-limited,
because they actively fixed N2. The ratio of fixed C:N

ranged between 19 and 28 and was not significantly
different between phosphorus treatments. The devia-
tion of this ratio from the Redfield ratio (~6) is still in
the range of literature data (Orcutt et al. 2001). N2 fix-
ation rates are saturated at a P concentration of 1.2 µM
in Trichodesmium (Fu & Bell 2003). Still, in experi-
ments using the same species, significantly higher N2

fixation rates were observed with extracellular P con-
centrations of 5 µM compared to 1 µM (Mulholland &
Bernhardt 2005).

CONCLUSIONS

Cyanobacteria in natural environments are exposed
to continuous changes in light intensity during passive
or active movement within the upper water column.
These constant shifts towards imbalanced cellular
energy conditions seem to lead to peaks of TDN and
DOC exudation. The diel rhythm is probably con-
trolled both endogenously and exogenously, creating
temporarily patchy nutrient-rich local habitats. Fur-
thermore, DOM is needed in colonies of non-hetero-
cystic cyanobacteria to supply trichomes and cells that
lack nitrogenase activity with nitrogenous compounds.
Moreover, exudation might support the nutrient flow
within the food web (e.g. Tseng et al. 2005). Organisms
like bacteria, fungi, diatoms, ciliates and juvenile
decapods are found spatially and temporarily associ-
ated to cyanobacteria and benefit from higher nutrient
availabilities in close connection with cyanobacterial
colonies (e.g. Devassy et al. 1979), pointing to the key
position of cyanobacteria in marine food webs.

Acknowledgements. The skilful technical assistance of I.
Liskow and A. Gerber is gratefully acknowledged as is the
financial support from the WGL network TRACES
(Ocean–Atmosphere–Land Impacts on Tropical Atlantic
Ecosystems). Additionally, we thank D. Capone for handling
the editorial process and 2 anonymous referees whose com-
ments improved this manuscript.

LITERATURE CITED

Alcoverro T, Conte E, Mazella L (2000) Production of
mucilage by the Adriatic epipelic diatom Cylindrotheca
closterium (Bacillariophyceae) under nutrient limitation.
J Phycol 36:1087–1095 

Bergman B, Carpenter EJ (1991) Nitrogenase confined to ran-
domly distributed trichomes in the marine cyanobac-
terium Trichodesmium thiebautii. J Phycol 27:158–165 

Berman T, Bronk DA (2003) Dissolved organic nitrogen: a
dynamic participant in aquatic ecosystems. Aquat Microb
Ecol 31:279–305 

Berman–Frank I, Lundgren P, Chen YB, Küpper H, Kolber Z,
Bergman B, Falkowski P (2001) Segregation of nitrogen
fixation and oxygenic photosynthesis in the marine
cyanobacterium Trichodesmium. Science 294:1534–1537 

187



Aquat Microb Ecol 57: 175–189, 2009

Berman–Frank I, Bidle KD, Haramaty L, Falkowski P (2004)
The demise of the marine cyanobacterium, Tricho-
desmium spp., via an autocatalyzed cell death pathway.
Limnol Oceanogr 49:997–1005

Bjørnsen PK (1988) Phytoplankton exudation of organic mat-
ter: Why do healthy cells do it? Limnol Oceanogr
33:151–154

Bronk DA (2002) Dynamics of DON. In: Hansell DA, Carlson
CA (eds) Biogeochemistry of marine dissolved organic
matter. Elsevier, New York, p 153–247

Bronk DA, Glibert PM, Ward BB (1994) Nitrogen uptake,
dissolved organic nitrogen release, and new production.
Science 265:1843–1846 

Capone DG, Ferrier MD, Carpenter EJ (1994) Amino acid
cycling in colonies of the marine planktonic cyanobac-
terium Trichodesmium thiebautii. Appl Environ Microbiol
60:3989–3995

Capone DG, Subramaniam A, Montoya JP, Voss M and others
(1998) An extensive bloom of the N2-fixing cyano-
bacterium, Trichodesmium erythraeum, in the central
Arabian Sea. Mar Ecol Prog Ser 172:281–292 

Capone DG, Burns JA, Montoya JP, Subramaniam A and oth-
ers (2005) Nitrogen fixation by Trichodesmium spp.: an
important source of new nitrogen to the tropical and sub-
tropical North Atlantic Ocean. Global Biogeochem Cycles
19,GB2024, doi: 10.1029/2004GB002331 

Chen YB, Zehr JP, Mellon MT (1996) Growth and nitrogen
fixation of the diazotrophic filamentous nonheterocystic
cyanobacterium Trichodesmium sp. IMS 101 in defined
media: evidence for a circadian rhythm. J Phycol 32:
916–923 

Chen YB, Dominic B, Mellon MT, Zehr JP (1998) Circadian
rhythm of nitrogenase gene expression in the diazotrophic
filamentous nonheterocystic cyanobacterium Tricho-
desmium sp. strain IMS 101. J Bacteriol 180: 13598–13605

Dagg MJ (1974) Loss of prey body contents during feeding by
an aquatic predator. Ecology 55:903–906 

Degerholm J, Gundersen K, Bergman B, Söderbäck E (2006)
Phosphorus-limited growth dynamics in two Baltic Sea
cyanobacteria, Nodularia sp. and Aphanizomenon sp.
FEMS Microbiol Ecol 58:323–332 

Devassy VP, Bhattathiri PM, Qasim SZ (1979) Succession of
organisms following Trichodesmium phenomena. Indian J
Mar Sci 8:89–93

Dunlap JC (1999) Molecular bases for circadian clocks. Cell
96:271–290 

Evans AM, Gallon JR, Jones A, Staal M, Stal LJ, Villbrandt M,
Walton TJ (2000) Nitrogen fixation by Baltic cyanobacteria
is adapted to the prevailing photon flux density. New
Phytol 147:285–297 

Falkowski P, Raven J (1997) Carbon acquisition and assimila-
tion. In: Falkowski P, Raven J (eds) Aquatic photosynthe-
sis. Blackwell Science, Oxford, p 128–162

Flores E, Herrero A (1994) Assimilatory nitrogen metabolism
and its regulation. In: Bryant DA (ed) Advances in photo-
synthesis: the molecular biology of cyanobacteria. Kluwer.
Dordrecht, p 487–517

Flores E, Herrero A (2005) Nitrogen assimilation and nitrogen
control in cyanobacteria. Biochem Soc Trans 33:164–167 

Flynn KJ, Gallon JR (1990) Changes in intracellular and
extracellular α-amino acids in Gloeothece during N2-fixa-
tion and following addition of ammonium. Arch Microbiol
153:574–579 

Fogg GE (1983) The ecological significance of extracellular
products of phytoplankton photosynthesis. Bot Mar
26:3–14

Fu FX, Bell PRF (2003) Factors affecting N2 fixation by the

cyanobacterium Trichodesmium sp. GBRTRLI101. FEMS
Microbiol Ecol 45:203–209 

Fuhrman JA (1999) Marine viruses and their biogeochemical
and ecological effects. Nature 399:541–548 

Fujita Y, Murakami YA, Aizawa K, Ohki K (1994) Short-term
and long-term adaptation of the photosynthetic apparatus:
homeostatic properties of thylakoids, In: Bryant DA (ed)
Advances in photosynthesis: the molecular biology of
cyanobacteria, Kluwer, Dordrecht, p 677–692

Gallon JR, Evans AM, Jones DA, Albertano P and others
(2002) Maximum rates of N2 fixation and primary produc-
tion are out of phase in a developing cyanobacterial bloom
in the Baltic Sea. Limnol Oceanogr 47:1514–1521

Glibert PM, Bronk DA (1994) Release of dissolved organic
nitrogen by marine diazotrophic cyanobacteria, Tricho-
desmium spp. Appl Environ Microbiol 60:3996–4000

Grasshoff K, Erhardt M, Kremling K (1983) Methods of sea-
water analysis, 2nd edn. Verlag Chemie, Weinheim

Gruber N, Sarmiento JL (1997) Global patterns of marine
nitrogen fixation and denitrification. Global Biogeochem
Cycles 11:235–266 

Haselkorn R (1978) Heterocysts. Annu Rev Plant Physiol
29:319–344 

Hecky RE, Kilham P (1988) Nutrient limitation of phytoplank-
ton in freshwater and marine environments: a review of
recent evidence on the effects of enrichment. Limnol
Oceanogr 33:796–822

Hessen DO, Anderson TR (2008) Excess carbon in aquatic
organisms and ecosystems: Physiological, ecological, and
evolutionary implications. Limnol Oceanogr 53:1685–1696

Hutchins DA, Fu FX, Zhang Y, Wagner ME and others (2007)
CO2 control of Trichodesmium N2 fixation, photosynthesis,
growth rates, and elemental ratios: implications for past,
present and future ocean biogeochemistry. Limnol
Oceanogr 52:1293–1304

Kana TM (1993) Rapid oxygen cycling in Trichodesmium
thiebautii. Limnol Oceanogr 38:18–24

Kerby NW, Rowell P, Stewart WDP (1987) Cyanobacterial
ammonium transport, ammonium assimilation, and nitro-
genase regulation. N Z J Mar Freshw Res 21:447–455

Lillo C, Meyer C, Ruoff P (2001) The nitrate reductase circa-
dian system. The central clock dogma contra multiple
oscillatory feedback loops. Plant Physiol 125:1554–1557 

Lomas MW, Rumbley CJ, Glibert PM (2000) Ammonium
release by nitrogen sufficient diatoms in response to rapid
increases in irradiance. J Plankton Res 22:2351–2366 

Madeo F, Herker E, Maldener C, Wissing S and others (2002)
A caspase-related protease regulates apoptosis in yeast.
Mol Cell 9:911–917 

Mague TH, Friberg E, Hughes DJ, Morris I (1980) Extracellu-
lar release of carbon by marine phytoplankton; a physio-
logical approach. Limnol Oceanogr 25:262–279

Maxwell SE, Delaney HD (2003) Designing experiments and
analyzing data: a model comparison perspective, 2nd edn.
Wadsworth, Belmont, CA 

McCarthy JJ, Carpenter EJ (1979) Oscillatoria (Tri-
chodesmium) thiebautii (Cyanophyta) in the central North
Atlantic Ocean. J Phycol 15:75–82

Metsamaa L, Kutser T, Strömbeck N (2006) Recognising
cyanobacterial blooms based on their optical signature: a
modelling study. Boreal Environ Res 11:493–506

Mills MM, Ridame C, Davey M, LaRoche J, Geider RJ (2004)
Iron and phosphorus co-limit nitrogen fixation in the east-
ern tropical North Atlantic. Nature 429:292–294 

Montoya JP, Voss M, Kaehler P, Capone DG (1996) A simple,
high precision tracer assay for dinitrogen fixation. Appl
Environ Microbiol 62:986–993

188



Wannicke et al.: Release of N and C by N2-fixing species

Montoya JP, Carpenter E, Capone D (2002) Nitrogen fixation
and nitrogen isotope abundance in zooplankton of the
oligotrophic North Atlantic. Limnol Oceanogr 47
:1617–1628

Mulholland MR, Bernhardt PW (2005) The effect of growth
rate, phosphorus concentration, and temperature on N2

fixation, carbon fixation, and nitrogen release in continu-
ous cultures of Trichodesmium IMS101. Limnol Oceanogr
50:839–849

Mulholland MR, Capone DG (2000) The physiology of the
marine N2 fixing cyanobacteria Trichodesmium. Trends
Plant Sci 5:148–153 

Mulholland MR, Bronk DA, Capone DG (2004) Dinitrogen fix-
ation and release of ammonium and dissolved organic
nitrogen by Trichodesmium IMS101. Aquat Microb Ecol
37:85–94 

Myklestad S, Holm-Hansen O, Varum KM, Volcani BE (1989)
Rate of release of extracellular amino acids and carbo-
hydrates from the marine diatom Chaetoceros affinis.
J Plankton Res 11:763–773 

Nagao F, Miyazaki T (2002) Release of dissolved organic
nitrogen from Scenedesmus quadricauda (Chlorophyta)
and Microcystis novacekii (Cyanobacteria). Aquat Microb
Ecol 27:275–284 

Nishiwaki T, Iwasaki H, Ishiura M, Kondo T (2000)
Nucleotide binding and autophosphorylation of the clock
protein KaiC as a circadian timing process of cyanobacte-
ria. Proc Natl Acad Sci USA 97:495–499 

Ohki K, Zehr JP, Falkowski PG, Fujita Y (1991) Regulation of
nitrogen fixation by different nitrogen sources in the
marine non-heterocystic cyanobacterium Trichodesmium
sp. NIBB1067. Arch Microbiol 156:335–337 

Ohki K, Kamiya M, Honda D, Kumazawa S, Ho KK (2008)
Morphological and phylogenetical studies on unicellular
diazotrophic cyanobacteria (Cyanophytes) isolated from
the coastal waters around Singapore. J Phycol 44:142–151 

Ohlendieck U, Stuhr A, Siegmund H (2000) Nitrogen fixation
by diazotrophic cyanobacteria in the Baltic and transfer of
the newly fixed nitrogen to picoplankton organisms. J Mar
Syst 25:213–219 

Orcutt KM, Lipschultz F, Gundersen K, Arimoto R, Michaels
AF, Knap AH, Gallon JR (2001) A seasonal study of signif-
icance of N2 fixation by Trichodesmium spp. at the
Bermuda Atlantic Time-series Study (BATS) site. Deep-
Sea Res II 48:1583–1608 

Popa R, Weber PK, Pett-Ridge J, Finzi JA and others (2007)
Carbon and nitrogen fixation and metabolite exchange in

and between individual cells of Anabaena oscillarioides.
ISME J 1:354–360

Romans KM, Carpenter EJ, Bergman B (1994) Buoyancy reg-
ulation in the colonial diazotrophic cyanobacterium Tri-
chodesmium tenue: ultrastructure and storage of carbohy-
drate, polyphosphate and nitrogen. J Phycol 30:935–942 

Sellner KG (1997) Physiology, ecology and toxic properties of
marine cyanobacterial blooms. Limnol Oceanogr 42:
1089–1104

Slawyk G, Raimbault P, Garcia N (1998) Measuring gross
uptake of 15N-labeled nitrogen by marine phytoplankton
without particulate matter collection: evidence for low 15N
losses to the dissolved organic nitrogen pool. Limnol
Oceanogr 43:1734–1739

Subramaniam A, Carpenter EJ, Karentz D, Falkowski PG
(1999) Optical properties of the marine diazotrophic
cyanobacteria Trichodesmium spp. I. Absorption and
spectral photosynthetic characteristics. Limnol Oceanogr
44:608–617

Tseng YF, Lin FJ, Chiang KP, Kao SJ, Shiah FK (2005) Poten-
tial impacts of N2-fixing Trichodesmium on heterotrophic
bacterioplankton turnover rates and organic carbon trans-
fer efficiency in the subtropical oligotrophic ocean system.
Terr Atmos Ocean Sci 16:361–376

Varela MM, Bode A, Anxelu X, Moran G, Valencia J (2006)
Dissolved organic nitrogen release and bacterial activity
in the upper layers of the Atlantic Ocean. Microb Ecol
51:487–500 

Villareal TA, Carpenter EJ (2003) Bouyancy regulation and
the potential for vertical migration in the oceanic
cyanobacterium Trichodesmium. Microb Ecol 45:1–10 

Vincent WF (1992) The daily pattern of nitrogen uptake by
phytoplankton in dynamic mixed layer environments.
Hydrobiologia 238:37–52 

Wasmund N, Nausch G, Schneider B, Nagel K, Voss M (2005)
Comparison of nitrogen fixation rates determined with dif-
ferent methods: a study in the Baltic Proper. Mar Ecol Prog
Ser 297:23–31 

Watt WD (1969) Extracellular release of organic matter from
two freshwater diatoms. Ann Bot 33:427–437

Wiedmeier VT, Porterfield SP, Hendrich CE (1982) Quan-
tification of DNS-amino acids from body-tissues and
fluids using high-performance liquid chromatography.
J Chromatogr B 231:410–417 

Wood AM, van Valen LM (1990) Paradox lost? On the release
of energy-rich compounds by phytoplankton. Mar Microb
Food Webs 4:103–116

189

Editorial responsibility: Douglas Capone,
Los Angeles, California, USA

Submitted: November 20, 2008; Accepted: June 18, 2009
Proofs received from author(s): September 8, 2009


	cite2: 
	cite3: 
	cite4: 
	cite5: 
	cite6: 
	cite7: 
	cite8: 
	cite9: 
	cite10: 
	cite11: 
	cite12: 
	cite13: 
	cite14: 
	cite15: 
	cite16: 
	cite17: 
	cite18: 
	cite19: 
	cite20: 
	cite21: 
	cite22: 
	cite23: 
	cite24: 
	cite25: 
	cite26: 
	cite27: 
	cite28: 
	cite29: 
	cite30: 
	cite31: 
	cite32: 
	cite33: 
	cite34: 
	cite35: 
	cite36: 
	cite37: 
	cite38: 
	cite39: 
	cite40: 
	cite41: 
	cite42: 
	cite43: 
	cite44: 
	cite45: 
	cite46: 
	cite47: 
	cite48: 
	cite49: 
	cite50: 
	cite51: 
	cite52: 
	cite53: 
	cite54: 


