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Carbon, nitrogen and O, fluxes associated with
the cyanobacterium Nodularia spumigena in the

Baltic Sea
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Photosynthesis, respiration, N, fixation and ammonium release were studied directly in Nodularia
spumigena during a bloom in the Baltic Sea using a combination of microsensors, stable isotope
tracer experiments combined with nanoscale secondary ion mass spectrometry (nanoSIMS) and
fluorometry. Cell-specific net C- and N,-fixation rates by N. spumigena were 81.6+6.7 and
11.4£0.9fmol N per cell per h, respectively. During light, the net C:N fixation ratio was 8.0 + 0.8.
During darkness, carbon fixation was not detectable, but N, fixation was 5.4 + 0.4 fmol N per cell per
h. Net photosynthesis varied between 0.34 and 250 nmol O, h~" in colonies with diameters ranging
between 0.13 and 5.0 mm, and it reached the theoretical upper limit set by diffusion of dissolved
inorganic carbon to colonies (>1mm). Dark respiration of the same colonies varied between 0.038
and 87nmol O,h~", and it reached the limit set by O, diffusion from the surrounding water to
colonies (>1mm). N, fixation associated with N. spumigena colonies (>1mm) comprised on
average 18% of the total N, fixation in the bulk water. Net NH, release in colonies equaled 8-33% of
the estimated gross N, fixation during photosynthesis. NH; concentrations within light-exposed
colonies, modeled from measured net NH,” release rates, were 60-fold higher than that of the bulk.
Hence, N. spumigena colonies comprise highly productive microenvironments and an attractive
NH; microenvironment to be utilized by other (micro)organisms in the Baltic Sea where dissolved

inorganic nitrogen is limiting growth.
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Introduction

Summer blooms by filamentous, N,-fixing cyano-
bacteria are dominated by Nodularia spumigena,
Aphanizomenon sp. and Anabeana sp. in the Baltic
Sea. These large cyanobacteria form colonies and
contain gas vesicles providing buoyancy, whereby
they can accumulate at optimal depth to sustain
energy and nutrient demands for cellular growth
and limit sedimentation losses (Walsby et al., 1997).
N. spumigena accumulate close to the sea surface,
whereas Aphanizomenon sp. often occurs deeper in
the water column (Hajdu et al., 2007). Nodularia sp.
is highly tolerant to ultraviolet radiation through the
production of mycosporine-like amino acids and
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carotenoids (Wulff et al., 2007; Mohlin and Wulff,
2009), and mm-thin Nodularia layers accumulating
at the sea surface have recently been shown to be
highly productive microenvironments with steep O,
and pH gradients during light as well as during
darkness (Ploug, 2008).

The large, filamentous cyanobacteria are thought
to be the main N,-fixing organisms in the Baltic Sea
(Bostrom et al., 2007; Degerholm et al., 2008; Ploug
et al., 2010). Budget calculations of combined
nitrogen as well as experimental studies have shown
that these cyanobacteria must fix excess N, relative
to their own nitrogen demand and channel the
surplus nitrogen through the microbial food web
and to picocyanobacteria (Ohlendieck et al., 2000;
Larsson et al., 2001; Stal et al., 2003). Using
N tracers combined with nanoscale secondary
ion mass spectrometry (nanoSIMS) and elemental
analysis isotope ratio monitoring mass spectrometry,
it was recently shown that Aphanizomenon sp.
releases a significant fraction (35%) of its newly
fixed N, as NH," to the surrounding waters in the
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Baltic Sea (Ploug et al., 2010). Hence, these large
cyanobacteria can supply other algae and (micro)-
organisms with nitrogen when bulk concentrations
of dissolved inorganic nitrogen are low. The sig-
nificance of N, fixation and NH,;" release by N.
spumigena in the Baltic Sea is still unknown.

In this study, we used a combination of micro-
sensors and isotope tracer experiments combined
with nanoSIMS, and fluorometry to measure O,
fluxes, C assimilation, N, fixation and NH,  release
in a field population of N. spumigena in the Baltic
Sea. Distributions of photosynthesis and respiration
across the size spectrum of colonies were analyzed
in relation to diffusion limitation of photosynthesis
and respiration by inorganic carbon and O,, respec-
tively. Functional similarities between N. spumi-
gena and Aphanizomenon sp. and their impact on
the Baltic Sea ecosystem are discussed.

Materials and methods

Sampling

Bulk water samples including N. spumigena colo-
nies were directly collected at the sea surface using
11 Duran bottles or a bucket in the upper meter of
the sea at station B1 (N 58°48'28, E 17°37'60) in the
Stockholm archipelago in August 2009. The salinity
was 6 and the temperature was 19°C. Samples were
immediately brought to the laboratory where they
were incubated with stable isotopes or analyzed by
the use of microsensors and fluorometry. All
experiments were carried out at in situ temperature.

N. spumigena cell sizes, abundance and chlorophyll
(Chl.a) colony structure

Cell sizes and abundance were studied using an
inverted microscope (Zeiss, Bern, Switzerland)
equipped with a digital camera (Axio Cam, Zeiss)
connected to an image analysis program (AxioVision,
Zeiss). Cell abundance and cumulative trichome
length (m1~") were measured in Lugol-fixed samples
in a gridded Sedgewick Rafter counting chamber
(Wildlife Supply Company, Buffalo, NY, USA).
Triplicate analysis of Chl. a in 0.51 bulk water
samples filtered onto GF/F filters (extracted in 15ml
Falcon vials containing 90% methanol) or in single N.
spumigena colonies (extracted in 1.5ml Eppendorf
vials containing 90% methanol), and blanks were
performed according to Meeks and Castenholz (1971).

Dissolved inorganic carbon

Samples were injected into an acid stream (30 mM
HCI) to convert dissolved inorganic carbon (DIC)
into CO,. Afterwards, samples were analyzed in a
flow injection system coupled to a conductivity cell
(Hall and Aller, 1992). Final concentrations of
"3C-bicarbonate in isotope incubation experiments
(see below) were measured on a gas chromatogra-
phy-isotope ratio monitoring mass spectrometry
according to Assayag et al. (2006).
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Incubations with stable isotopes

Bulk water samples were incubated in 11 bottles.
The bottles were closed with rubber stoppers
through which **C-bicarbonate (9% final labeling)
and "N, (Sigma) (10% final labeling; Mohr et al.,
2010) was injected to the sample, except for three
control bottles. The syringe was flushed with Argon
gas between injections with "N,. Three replicates
were incubated for 0, 3 or 6h at 270 umol photons
m *s™' as measured using an LiCOR irradiance
sensor, or in dark at in situ temperature (19 °C) in a
thermostated room. The light sources were neon
lamps. The incubations were stopped by filtration of
samples onto pre-combusted GF/F filters (Montoya
et al., 1996). The filtrates were filled into 12 ml gas-
tight exetainers to which 100ul saturated HgCl,
solution was added. Subsamples for nanoSIMS
analysis were fixed with 2% paraformaldehyde
and washed after filtration onto gold-palladium-
coated GTTP filters (pore size 0.22um; diameter
25 mm; Millipore, Schwalbach, Germany).

Elemental analyzer-isotope ratio monitoring mass
spectrometry analysis

The GF/F filters were analyzed through mass
spectrometry, using N, and CO, released by flash
combustion in excess oxygen at 1050 °C to deter-
mine the amount of "N gas and '*C-bicarbonate
incorporated into biomass. An automated elemental
analyzer coupled to a Delta Plus Advantage mass
spectrometer was used (Warembourg, 1993). Before
analysis, GF/F filters were freeze-dried and dehy-
drated by HCl smoke in a desiccator overnight.
Round punch-outs (J1cm) of the GF/F filters were
packed into tin cups, tightly pressed into a pill-
shaped form and loaded onto an autosampler
flushed with helium. As a standard, caffeine was
used for calibration.

NanoSIMS analysis

For nanoSIMS analysis of single N. spumigena cells,
the GTTP filters containing chemically fixed water
samples were cut with a round stencil (@5 mm) and
mounted onto a sample holder. The analysis was
performed using a nanoSIMS 501 manufactured by
Cameca (Gennevilliers, France). For each individual
cell, we recorded simultaneously secondary ion
images of "*C, "C, ™C™N and "C"N using four
electron multipliers. The measurements and the
image and data processing were performed as
described previously (Musat et al., 2008; Ploug
et al., 2010).

Photosynthesis and respiration measurements in
colonies using microsensors

Freshly sampled colonies, which appeared rela-
tively homogeneous in density, were transferred to a
Petri dish coated by a 3-mm-thick agar layer



(1% w:w) at the bottom and covered by water from
the sampling site. The diffusion of gases, ions and
solutes in 1% agar is close to that in sea water
(Libicki et al., 1988; Revsbech, 1989). Artifacts from
a solid boundary, which limits solute exchange
between colonies and the surrounding water, was
hereby minimized (Ploug and Grossart, 1999). The
Petri dish was placed in a thermostated container
at in situ temperature. Oxygen concentration gradi-
ents were measured using a Clark-type oxygen
microsensor (Revsbech, 1989) attached to a micro-
manipulator. The current was measured by a
picoamperemeter (Unisense, PA2000) connected to
a strip-chart recorder (Kipp en Zonen). The elec-
trode was calibrated at anoxic conditions and at air
saturation. Its 90% response time was <1s and the
stirring sensitivity <0.3%. Its tip was 2um wide
and its position was observed through a dissection
microscope. Three replicates of the O, concentration
gradient at the colony—water interface were mea-
sured at 50 um step increments at steady-state in
light and in dark, respectively. The light source was
a Halogen Schott lamp (KL 1500 LCD) equipped
with an infrared cutoff filter and calibrated using an
LiCOR irradiance sensor. The O, fluxes and the
exact position of colony surface relative to the center
of the colony were calculated from the measured
concentration gradients using the analytical solu-
tions for diffusion in aggregates (Ploug et al., 1997).
The molecular diffusion coefficient for O, of
2.02 x 10 °cm?s™ " at a salinity of 6 and at 19°C
was used in the calculations (Broecker and Peng,
1974). O, fluxes were converted into carbon assim-
ilation rates assuming a photosynthetic quotient of
1.2 (Masotti et al., 2007). The colony dimensions
were measured under a dissection microscope with
a calibrated ocular micrometer. Surface area and
volume was calculated as for ellipsoids (Mass,
1994).

The theoretical limits of DIC and O, fluxes to
colonies were calculated as a function of colony size
as described in Ploug et al. (1997). For calculations
of DIC fluxes, a bulk concentration of 1.35mM (as
measured) and a diffusion coefficient of
9.4 x 10 °cm?s™ " (for HCOg3, the dominant species
at pH of the bulk water) were used (Li and Gregory,
1974). For calculations of O, fluxes, a bulk concen-
tration of 300uM O, and a diffusion coefficient of
2.02x10°cm?s ' were used. An apparent diffu-
sivity of gases and solutes within colonies being
0.95 times the molecular diffusion coefficient in sea
water was assumed (Ploug et al., 2008). Both fluxes
were calculated for a Sherwood number of 1, that is,
no effective difference between the motion of the
colony and that of the surrounding water.

Ammonium analysis

The net production of NH;" within the plankton
community of cyanobacteria and other (micro)
organisms was quantified in the filtrate after
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incubations with "N, during 0, 3 and 6h in light
or in darkness using the method by Warembourg
(1993). Samples were analyzed on a gas chromato-
graphy-isotope ratio monitoring mass spectrometry
(VG Isogas Limited, Middlewitch, UK).

Colonies of different sizes, in which photosynth-
esis at 270 pmol photonsm™*s~" and dark respira-
tion had been measured, were incubated afterwards
for measurements of ammonium release during early
evening and night. We used 15ml acid-washed
Falcon tubes rinsed with UV-treated MilliQ water.
One single colony was added to each vial with
0.2-um-filtered sea water from the sampling site, and
closed without air bubbles. The vials were posi-
tioned on a roller table to avoid diffusion limitation
during incubations. The colonies were first incu-
bated at 270 umol photonsm?s" in <9h at in situ
temperature in a thermostated room. Afterwards, the
same colonies were harvested and re-incubated in
darkness during 11h in new vials containing 0.2-
pum-filtered sea water from the sampling site. Three
controls (nine vials) without colonies were incu-
bated during 0, 9 and 20h. Ammonium concentra-
tions was measured on a fluorometer (Turner
Designs, TD-700) using the method by Holmes
et al. (1999). Ammonium concentration distribu-
tions within and around colonies were modeled
from the measured NH," release rate and colony size
using the analytical solutions for diffusion in
aggregates (Ploug et al., 1997). A molecular diffusion
coefficient for NH, of 1.62x10°cm?s™' at a
salinity of 6 and 19 °C was used in the calculations
(Li and Gregory, 1974).

Results

DIC, NH, and Chl.a concentrations in the bulk as
well as total net C- and N,-fixation rates, and net
NH,' release rates by the bulk plankton community
are shown in Table 1. DIC decreased significantly
within the beginning of the cyanobacterial bloom,
which was composed of Aphanizomenon sp.,
Anabaena sp. and of Nodularia sp. occurring as
free-living trichomes as well as in mm-size colonies.
Dinoflagellates and picoplankton were also present
at high abundance. Chl.a concentrations reached
9.2 ugl™" during our study. Nitrate concentrations
were <100nM (Swedish monitoring program), and
ammonium concentrations were <200 nM. Total net
C- and N,-fixation rates were 896 nmol C1 *h~* and
41nmol NIh™", respectively, in light-exposed
samples and 10-fold lower during darkness. The
net production of NH;" of the newly fixed N, (traced
as ®NH,  in the bulk after 3—6h incubation with
N,) within the bulk plankton community was on
average 1.0 and 1.3nmol N17*h~* during light and
dark, respectively.

An example of the isotopic compositions of
3C/**C and "N/™N in a Nodularia trichome after
incubations with stable isotopes during 6 h is shown
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Table 1 Bulk measurements of DIC, NHj; and Chl. a during the course of time

Date 31 July 2 August 4 August 8 August
DIC (mM) 1.82 1.48 £0.09 1.38£0.15 1.33+£0.10
NH: (nMm) ND 163+ 12 142 + 20 155+ 38
Chl. a (pgl™) ND ND 6.4%2.0 9.2410.72
Total net C-fixation rate in light (nmol C1"*h™") ND ND 896 + 30 ND
Total net C-fixation rate in darkness (nmol C1=*h~?) ND ND 21+4 ND
Total net N,-fixation rate in light (nmol N1-*h™") ND ND 38+t6 ND
Total net N,-fixation rate in darkness (nmol N1-*h~1) ND ND 3.2+£0.3 ND
Total net NH; production rate in light (nmol N1-*h~")* ND ND 1.0+0.4 ND
Total net NH} production rate in dark (nmol N1"*h~") ND ND 1.3+0.4 ND

Abbreviations: Chl., chlorophyll; DIC, dissolved inorganic carbon; ND, not determined.
Total C- and N,-fixation rates measured using stable isotopes on the 4 August during light and darkness. Net NH} production rate within the total
plankton community measured during light and darkness. All numbers represent average value with standard error of the mean value (n=3).

*Traced by **NHj release from newly fixed *°N,.

0.01

=
T — |
0.05 0.0037 0.05

Figure 1 Distribution of *C"N-, **C/**C and "*N/*N in single Nodularia cells as measured by nanoSIMS after 6 h incubations with

13C and *°N,.

(Figure 1). Vegetative cells were highly labeled by
C and "N after 6h. In contrast, heterocysts were
only faintly labeled by *°C relative to that by "°N.
Total net C- and N,-fixation rates were highly
variable for individual cells (Table 2). The average
net C-fixation rate was 81.6 £ 6.7 fmol C per cell per
h, whereas the average net N,-fixation rate was
11.4£0.9fmol N per cell per h. Paired measure-
ments revealed an average net C:N fixation ratio of
8.0 0.8 (s.e.; n=47). Total net C assimilation by
free-living Nodularia trichomes was 38+ 3nmol
Cl"*h™* and total net N assimilation was
5.4+3.0nmol N1 'h™"'. Total average net carbon
assimilation rate by colonies (>1mm) was
50+ 16 nmol C per colony per h and net N,-fixation
rate was 7.4 0.6 nmol C per colony per h. Hence,
18% of the total net bulk N, fixation was on average
associated with one single Nodularia colony per 1,
and total net N, fixation by N. spumigena (free-
living trichomes and colonies) comprised 31% of
total net N, fixation in the surface waters of the
Baltic Sea in light. Dark N, fixation by N. spumigena
was twofold lower than that of N, fixation in light,
and it explained 78% of the bulk N, fixation during
darkness.

An example of a Nodularia colony is shown
(Figure 2). Oxygen concentrations within a 1.3 mm
large colony during the early stage of the bloom
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(31 August) varied between 220 and 510 uM in dark
and light at 270 pmol photonsm?s™', respectively
(Figure 3). Dark respiration rate calculated from the
O, distribution was 5.5nmol O, per colony per h.
Net photosynthesis was 8.5 and 18nmol O, per
colony per h at 120 and 270 umol photonsm—2s7",
respectively. Photosynthesis was saturated in the
entire colony at 270 pmol photonsm=?s™" (data not
shown). Volume-specific net photosynthesis was 8.5
and 18nmol O,mm *h~' at 120 and 270pmol
photonsm~?s~", respectively, because the colony
volume was 1mm?®. The colony appeared compact
and its Chl.a content was 0.41pug per colony.
The Chl. a-specific photosynthesis in this colony
was 0.44mg C mg Chl. a per h at 270pmol
photonsm~%s™".

Dark respiration measured as a function of gross
photosynthesis at 270 umol photonsm ?s* in the
same colonies is shown (Figure 4). Dark respiration
was a significant linear function of gross photo-
synthesis during the early stage of the bloom. It was
described by the equation: R=0.26 x GP-0.6
(R*=1.00), where dark respiration and gross photo-
synthesis is measured as nmol O, per colony per h.
After few days, this relationship was described
by: R=0.26 x GP + 3.3 (R*=0.83), which indicates
a higher background respiration by attached
microbiota.
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Table 2 C- and N-fixation rates in Nodularia sp. cells, trichomes and colonies measured by nanoSIMS and microsensors

Nodularia sp. abundance Specific net

C-fixation rate

Specific net
N.-fixation rate

Total net
C-fixation rate

Total net
N.-fixation rate

4.7+2.7 (x10° cells per1) 81.6%6.7 11.410.9
(fmol C per cell per h)
(ND)* (5.4 £0.4)°
Free trichomes 25.6+1.6

1.5+0.9 (m1)
1 (colonies per 1)

(nmol Cm~*h~*) (ND)*
50+ 16 (nmol C per
colony per h)

(1.7+0.1)

3.6+0.3 (mmol Nm—*h™?)

7.4%0.6 (nmol N per
colony per h)

(fmol N per cell per h)

38+3 (nmmol C17*h™)
(ND)*
50+ 16 (mmol C17*h™1)

5.4+ 0.5 (nmol N1-*h)
(2.5+0.2)
7.4%0.6 (nmol NI"*h1)

Abbreviations: nanoSIMS, nanoscale secondary ion mass spectrometry; ND, not detectable; s.e., standard error.

Nodularia sp. abundance measured as cell densities ( x 10° cells per 1), cumulative length of free trichomes (m17*) and colonies (colonies per 1)
and their respective net C- and N,-fixation rates. Total (all organisms) net C- and N,-fixation rates in the bulk are also shown. All parameters are
expressed as the average value (+*s.e.) in samples analyzed by nanoSIMS (n=47) and microsensors (n=14).

“Numbers within parenthesis represent the rate in dark-exposed cells and trichomes.

Figure 2 N. spumigena colony collected in the Baltic Sea.
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Figure 3 O, distributions measured in a N. spumigena colony at
different light conditions. All data points represent the mean
value of three series of measurements with the standard of the
mean value shown as bars (n=3).

Net NH; release from colonies to the 0.2-um-
filtered bulk water was measured during light and
darkness in colonies of which size, photosynthesis
and respiration had previously been measured. The
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o 15" Aug
o 7.9 Aug
80+
=
o
o]
IS
€
£
c
S
g
3
(7]
Q
i
0 T

T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400
Gross photosynthesis (nmol O, h™)

Figure 4 Dark respiration as a function of gross photosynthesis
measured in differentially sized colonies during the bloom. All
data points represent the average value of three to five series of
measurements of O, gradients during light and dark, respectively
(>250 O, gradients).

average NH, release was sixfold higher in light as
compared with that measured in darkness. The
average net NH," release comprised 8-33% of the
estimated gross N,-fixation rate in light, when
the ratio of dark respiration to gross photosynthesis
was highest (Table 3). The NH, concentration
gradients corresponding to the average value of
measured net NH, release rates in light (0.77 nmol
NH," per colony per h equal to the average value
measured on 7 August; Table 3) and in dark-exposed
2mm large colonies are shown (Figure 5). The
maximum concentration varied up to 9uMm in the
center of colonies during light when the bulk
concentration was 150nM, thus only N. spumigena
colonies were on average <60-fold enriched in NH,
as compared with the bulk water during light. The
net ammonium release and NH, gradient were
substantially smaller in dark-exposed colonies.

We compared data of gross photosynthesis mea-
sured in Aphanizomenon sp. colonies during the
same season and at the same temperature and
station in the Baltic Sea, but exactly 1 year earlier

The ISME Journal
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Table 3 Changes in volume, photosynthesis, respiration and ammonium release of Nodularia sp. colonies during time

Date Volume Net phot. Resp. Dark resp: Vol. gross phot. NH; release NH; release in
(mm?) (nmol O,h™) (nmol O,h™*) gross phot (nmol O, mm *h*) (nmol Nh™?) % of gross N, fix

1 Aug (6) 0.20+0.16 5.1+2.4 1.3%+0.9 0.20+0.03 32+9.0 ND ND

5 Aug (14) 9.3+5.1 60+ 19 207 0.25+0.01 8.6 +£3.5 ND ND

7 Aug (12) 8.3f2.1 3518 15+3 0.30£0.03 6.0t2.1 0.77£0.57 33%5

9 Aug (8) 7.1%£1.9 185 113 0.38+0.01 4.0%1.2 0.12+0.03 8+2

(0.02 £ 0.01)

Abbreviations: ND, not determined; s.e., standard error.

Volume (mm®), net photosynthesis (nmol O, h™") at light saturation (270 pmol photons m

~*s71), respiration (nmol O, h™"), ratio of dark respiration

to gross photosynthesis at saturating light intensity, volumetric gross photosynthesis (nmol O, mm~*h~"), NHj release (nmol Nh™") in light and
NH; release in % of estimated gross N, fixation (net N, fixation plus NHj release) at measured in colonies sampled at different dates (number of
colonies indicated within parenthesis). All parameters were measured in the same colony within the day of sampling and are expressed as the

average value (£s.e.).

*Numbers within parenthesis represent the rate in dark-exposed colonies.
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Figure 5 NH, distributions during dark and light at 270 pmol

photonsm?s~* modeled from measured net fluxes (Table 3).

(Ploug et al, 2010) with those measured in
N. spumigena colonies sampled during this study
(Figure 6). Concentrations of orthophosphate and
inorganic nitrogen were similarly low during the
two studies (Swedish monitoring program). Photo-
synthesis was saturated during all measurements
performed at 270-300 pmol photonsm ?s™* of both
Aphanizomenon sp. and N. spumigena Gross photo-
synthesis varied almost four orders of magnitude in
colonies, with volumes varying five orders of
magnitude. It ranged between 0.5ng C per colony
per h and 3.5pug C per colony per h, and was
significant functions of colony volume. For small
colonies (<1mm) it could be described by:
GP =250 x (vol)?®* (R*=0.91, P<0.001; n=20),
where gross production is measured as ng G per
colony per h and volume is measured as mm?. For
large colonies (>1mm), it was described by:
GP =201 x (vol)*®** (R*=0.51, P<0.001; n=31).
Hence, the volumetric gross photosynthesis was
lower in large colonies relative to that in small
colonies.
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Figure 6 Gross photosynthesis as a function of colony size of
Aphanizomenon sp. (squares) and N. spumigena (circles). All
data points represent the average value of three series of
measurements.

Diffusion to a stagnant sphere increases propor-
tionally to the sphere radius, whereas biological
rates of photosynthesis and respiration may increase
proportionally to r?, that is, colony volume, as
shown in Aphanizomenon sp. (Ploug et al., 2010).
Larger colonies may, therefore, be subjected to
increasing diffusion limitation of biological pro-
cesses at a certain colony size. The volumetric net
photosynthesis rates measured at saturating light
intensities are shown as a function of colony volume
(Figure 7a). It was high and invariable with size for
small colonies (<1mm?® equivalent to ~1.25mm
diameter) of both Aphanizomenon sp. and
N. spumigena and hence independent of the
potential DIC flux. In larger colonies composed by
N. spumigena, however, the volumetric net photo-
synthesis rates decreased likely as a result of DIC
limitation. Prognostic modeling showed that
C-fixation rates due to photosynthesis were close
to the theoretical maximum fluxes of DIC from
the surrounding water to colonies (>1mm) in the
Baltic Sea.
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Figure 7 (a) Volumetric net photosynthesis rate as a function of
colony size of Aphanizomenon sp. (squares) and N. spumigena
(circles). The maximum diffusive flux of DIC to colonies is
indicated (see text). (b) Volumetric respiration rate as a function of
colony size of Aphanizomenon sp. (squares) and N. spumigena
(circles). The maximum diffusive flux of O, to colonies is
indicated (see text). All data points represent the average value
of three series of measurements.

The volumetric respiration rates measured in
colonies composed by Aphanizomenon sp. and
N. spumigena, respectively, are shown as a function
of colony volume in Figure 7b. As in the case for
photosynthesis, the smallest colonies by Aphanizo-
menon sp. and N. spumigena show uniform volu-
metric respiration rates independent of colony size.
In Aphanizomenon sp., these respiration rates were
up to 100-fold lower than that needed to create
anoxia in the center of a sphere (Figure 7b).
Measured respiration rates in Nodularia colonies
(>1mm?®) decreased in parallel to the theoretical
respiration limit set by diffusion limitation by
O, from the surrounding water to the colonies.
Community respiration by N. spumigena with their
associated (micro)organisms in these large colonies
were, therefore, close to the theoretical concen-
tration limit of respiring biomass under aerobic
conditions in the Baltic Sea.
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Discussion

Combining microsensor techniques with stable
isotope enrichments and nanoSIMS, we have
recently shown that Aphanizomenon sp. is a key
player in biogeochemical C and N fluxes in the
Baltic Sea (Ploug et al., 2010). The present study was
focused on the contribution by trichomes and
colonies formed by N. spumigena to C and N fluxes
in the Baltic Sea. NanoSIMS analysis showed a high
enrichment of **N, which had been transferred from
heterocysts to vegetative cells within hours. In
contrast, heterocysts were only faintly labeled with
'3C as compared to vegetative cells within the same
time course, presumable due to the fact that no
oxygenic photosynthesis occurs within heterocysts.
Similar patterns have been observed in Aphanizo-
menon sp. (Ploug et al., 2010) as well as Anabaena
sp. (Popa et al., 2007). Both the cell-specific net
C- and N,-fixation rates by N. spumigena were ca.
2.4-fold higher than that of the respective rates
reported for Aphanizomenon sp. in light (Ploug
et al., 2010). Cell-specific dark N, fixation by
Nodularia sp. was 20-fold higher than that reported
for Aphanizomenon sp. Dark C-fixation was not
detectable, and respiration of stored carbon pre-
sumably supported this N, fixation. The volume of
N. spumigena cells is approximately 2.5-fold larger
than that of Aphanizomenon sp., and volume-
specific net C- and N,-fixation rates at light satura-
tion of photosynthesis in N. spumigena were thus
slightly lower than those reported for Aphanizomenon
sp. The abundance of filamentous cyanobacteria is, at
times, measured as meter filament per liter. The net
C- and N,-fixation rates associated with 1 m cumulative
length of N. spumigena trichomes was almost sixfold
higher than those reported for Aphanizomenon sp.
(Ploug et al., 2010). The abundance of N. spumigena
and Aphanizomenon sp. varies between 1 and 50m1~*
in the Baltic Sea (Hajdu et al., 2007; Rolff et al., 2007).
In this study, the abundance of free-living trichomes of
N. spumigena was 1.5ml™", only. N. spumigena
colonies did not disintegrate in Lugol’s solution and
their cell content could, therefore, not be quantified as
in Aphanizomenon sp. colonies (Ploug et al., 2010). In
that study, cell-specific net carbon assimilation rate in
Aphanizomenon sp. colonies measured with micro-
sensors was similar to that measured by nanoSIMS.
Total net C- and N,-fixation by N. spumigena of this
study was dominated by colonies. Both photosynthesis
and respiration, which provide the energy for
N,-fixation, were so high that they reached the physical
limits set by diffusion limitation of bicarbonate and
oxygen, respectively, in the Baltic Sea. Hence, despite
their small volume and low abundance, N. spumigena
colonies can contribute substantially to total N,-fixation
and NH; release during cyanobacterial blooms in
surface waters of the Baltic Sea.

Shear and fluid motion as well as floatation to the
air—water interface may enhance mass transfer of
O, and CO, to colonies when photosynthesis and
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respiration are limited by the diffusive supply of
these gases from the surrounding water to colonies
(Ibelings and Maberly, 1998; Ploug et al., 1999;
Ploug, 2008). Gross photosynthesis in 1-6 mm thin
layers of primarily N. spumigena accumulating at
the sea surface has previously been shown to vary
between 1 and 7nmol O,mm *h™" (Ploug, 2008).
The average gross photosynthesis in single colonies
of this study varied between 4 and 32nmol
O,mm *h™" depending on colony size and time
during the bloom (Table 3). The average gross
production rate by much smaller Aphanizomenon
sp- colonies in the Baltic Sea was 78nmol
O,mm *h™"' (Figure 7). The measured carbon-
specific photosynthesis of Aphanizomenon sp.
collected in the Baltic Sea (Ploug et al, 2010)
as well as the Chl.a.-specific photosynthesis of
N. spumigena colonies of this study were in the
same range as those measured in cultures of the
respective cyanobacteria isolated from the Baltic Sea
(Moisander et al., 2007; Degerholm et al., 2008).

This study suggests that bicarbonate in addition to
CO, must be an important carbon source in
N. spumigena colonies, because the net photosynth-
esis rate can be as high as the potential diffusive
fluxes of DIC to colonies. Net photosynthesis in the
smaller Aphanizomenon sp. colonies was 10- to
100-fold lower than that of the potential DIC flux,
although these colonies belong to the most produc-
tive microenvironments reported in aquatic systems
(Ploug et al., 2010). Bicarbonate uptake in cyano-
bacterial cells must be accompanied either by
uptake of H* or by excretion of OH™ to keep balance
of charges (Wolf-Gladrow et al., 2007). High uptake
rates of H* are problematic at alkaline pH as shown
using a kinetic model of the marine carbonate
system (Wolf-Gladrow and Riebesell, 1997; Wolf-
Gladrow et al., 1999). The uptake of HCO; in
combination with efflux of OH™ leads to an alkaline
microenvironment in the colonies. The pH within
surface accumulations of N. spumigena has pre-
viously been shown to vary between 7.4 during
darkness and 9.0 in light (Ploug, 2008). The high
photosynthesis rates associated with N. spumigena
colonies suggests that this cyanobacterium is
adapted not only to high pH in the interior of
colonies, but may also benefit from CO, release
through respiration by attached heterotrophic
bacteria during photosynthesis.

Previous studies have shown that N. spumigena
colonies are microbial consortial communities, and
it has long been thought that the close associations
of bacteria as well as protozoans and metazoans
associated with these colonies are important in
nutrient, O, and CO, exchange (Paerl and Kupar-
inen, 2002). Dark respiration and gross photosynth-
esis was tightly coupled in colonies with a ratio of
0.26. Dark respiration comprised 16% of gross
photosynthesis in Aphanizomenon sp. colonies
during the same season and at the same temperature
in 2008 (Ploug et al., 2010). This difference may be
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explained by higher dark respiration rates by
N. spumigena cells during higher dark N, fixation
as well as by higher densities of heterotrophic
bacteria on the N. spumigena trichomes as com-
pared with Aphanizomenon sp. N. spumigena may
also harbor heterotrophic N,-fixing bacteria, which
have been shown to play a significant role in the
Baltic Sea (Bostrém et al., 2007). Cyanobacterial
aggregates have earlier been shown to be anoxic in
their interior during an ephemeral stage (12h) of
their decay (Ploug, 2008). During such relatively
short periods with very high respiration rates,
however, a substantial fraction of organic matter
must be respired in aggregates (Ploug et al., 1997).
During a light-dark cycle new organic matter is
synthesized during daytime. Anoxic conditions
have long been suspected to occur within cyano-
bacterial colonies (Pearl and Bebout, 1988; Hietanen
et al. 2002). This study shows that anoxic conditions
potentially occur within colonies >1mm in the
Baltic Sea (Figure 7b). The colonies composed by
Aphanizomenon sp. are too small and poorly
colonized by bacteria for which respiration is too
low to develop anoxia inside colonies when the bulk
O, concentration is at air saturation. This was not
the case for the larger N. spumigena colonies.

The net C:N fixation ratio varies between 1 and 40
in the bulk plankton community during a develop-
ing cyanobacterial bloom in the Baltic Sea, pre-
sumably partly due to a variable NH," release by the
large cyanobacteria (Gallon et al., 2002). In our
study, the C:N fixation ratio in the bulk was 20,
whereas that of N. spumigena was 8 during light.
During a 16:8 h light dark cycle, the net C:N fixation
ratio would be (16 x 82—8 x 28):(16 x 11.4 + 8 x 5.4)
=4.8 assuming dark respiration of the cyanobacteria
to be 26% of gross photosynthesis. If 25% of the
fixed N, is released as dissolved organic nitrogen
and NH,' to the surrounding water, the resulting C:N
fixation ratio would be 6.4 integrated over the diel
cycle. Release of dissolved organic nitrogen and
NH," to the surrounding water, during the early and
late light phase, has recently been shown in cultures
of N. spumigena (Wannicke et al., 2009), and "°N,
fixed by large cyanobacteria (Aphanizomenon sp.
and N. spumigena) in the Baltic Sea has been traced
in organisms represented by the 2—5um size class,
for example, picocyanobacteria (Ohlendieck et al.,
2000). N. spumigena appears to use NH, ineffi-
ciently, but N,-fixation in N. spumigena cultures
decreases when bulk NH,' concentrations are very
high (250 uM) (Vintila and El-Shehawy, 2007; Vintila
et al., 2010). In our study, the NH, release from
light-exposed N. spumigena colonies to 0.2-pm-
filtered bulk water comprised 8-33% of the esti-
mated gross N,-fixation rates. These are minimum
estimates, because dissolved organic nitrogen may
be an additional nitrogen source released by the
cyanobacteria that attached biota presumably assim-
ilate N for growth. The lowest NH, release was
measured in colonies with the highest respiration



relative to gross photosynthesis (Table 3). N. spumi-
gena is usually colonized by a diverse community of
bacteria exhibiting high ecto-enzymatic activities
(Hoppe, 1981; Stoecker et al., 2005; Tuomainen
et al., 2006), and a significant fraction of the primary
production, measured by use of H™CO,; in N.
spumigena colonies from the Baltic Sea, was incorpo-
rated into the associated bacteria (Hoppe, 1981). Many
pelagic bacteria are motile, show chemotaxis and their
colonization rates of particles are in the order of
minutes (Kigrboe et al., 2002). The nitrogen sources
leaking from Nodularia colonies may sustain growth
of other biota when bulk concentrations of dissolved
inorganic nitrogen are low. A similar substantial NH,
release was shown to be associated with Aphanizo-
menon sp. in the Baltic Sea (Ploug et al., 2010). The
net production of NH," within the whole plankton
community was 2% and 26% of net N, fixation
during light and dark, respectively (Table 1). The low
NH; traced in the bulk sample during 3-6h
incubation in light provides additional evidence that
this nitrogen source is rapidly used by other organisms
in the plankton community and channeled through
the (microbial) food web during daytime when C- and
N-fluxes within the plankton community are highest.

Aphanizomenon sp. is a key player in biogeo-
chemical C- and N-fluxes owing to its high produc-
tivity and summer blooms lasting 2—3 months in the
Baltic Sea (Larsson et al., 2001; Rolff et al., 2007;
Ploug et al, 2010). This study shows that
N. spumigena, due to its large size and productivity,
including high dark N, fixation, can contribute
substantially to total C and N fluxes even at low
cellular abundance in the Baltic Sea.

Acknowledgements

This study was supported by a Marie Curie Fellowship to
HP (AHICA; 219976), the Swedish Research Council for
Environment, Agricultural Sciences, and Spatial Planning
(FORMAS; contract no: 215-2009-813 to Ragnar Elmgren
and HP), and the Max Planck Society. We thank Birgitta
Bergman for discussions, and the staff at Stockholm
Marine Science Center (Askoé Laboratory) and Marcel
Giinter, Tomas Vagner, Andreas Krupke and Gabriele
Klockgether for assistance in the field or in the laboratory.

References

Assayag N, Rivé K, Ader M, Jézéquel D, Agrinier P. (2006).
Improved method for isotopic and quantitative analysis
of dissolved inorganic carbon in natural water samples.
Rapid Commun Mass Spectrom 20: 2243-2251.

Bostrom KH, Riemann L, Kiihl M, Hagstréom A. (2007).
Isolation and gene quantification of heterotrophic
N.-fixing bacterioplankton in the Baltic Sea. Environ
Microbiol 9: 152—164.

Broecker WS, Peng TH. (1974). Gas exchange rates
between air and sea. Tellus 26: 21-35.

C-, N- and O, fluxes in N. spumigena
H Ploug et al

Degerholm J, Gundersen K, Bergman B, Soderbick E.
(2008). Seasonal significance of N, fixation in coastal
and offshore waters of the northwestern Baltic Sea.
Mar Ecol Prog Ser 360: 73—84.

Gallon JR, Evans AM, Jones DA, Albertano P, Congestri R,
Bergman B et al. (2002). Maximum rates of N, fixation
and primary production are out of phase in a
developing cyanobacterial bloom in the Baltic Sea.
Limnol Oceanogr 47: 1514-1521.

Hajdu S, Hoglander H, Larsson U. (2007). Phytoplankton
vertical distributions and composition in Baltic Sea
cyanobacterial blooms. Harmful Algae 6: 189-205.

Hall PO, Aller RC. (1992). Rapid, small-volume, flow-
injection analysis for sigma-CO, and NHj in marine
and fresh waters. Limnol Oceanogr 37: 1113-1119.

Hietanen S, Moisander PH, Kuparinen J, Tuominen L.
(2002). No sign of denitrification in a Baltic Sea
cyanobacterial bloom. Mar Ecol Prog Ser 242: 73-82.

Holmes RM, Aminot A, Keroul R, Hooker BA, Peterson B]J.
(1999). A simple and precise method for measuring
ammonium in marine and freshwater ecosystems.
Can ] Fish Aquat Sci 56: 1801-1808.

Hoppe HG. (1981). Blue-Green algae agglomeration in
surface water: a microbiotope of high bacterial activity.
Kieler Meeresforsch Sonderh 5: 291-303.

Ibelings BW, Maberly SC. (1998). Photoinhibition and the
availability of inorganic carbon restrict photosynthesis
by surface blooms of cyanobacteria. Limnol Oceanogr
43: 408—-419.

Kigrboe T, Grossart H-P, Ploug H, Tang K. (2002).
Mechanisms and rates of bacterial colonization of
sinking aggregates. Appl Environ Microbiol 68: 3996—4006.

Larsson U, Hajdu S, Walve J, Elmgren R. (2001). Baltic Sea
nitrogen fixation estimated from the summer increase
in upper mixed layer total nitrogen. Limnol Oceanogr
46: 811-820.

Li Y-H, Gregory S. (1974). Diffusion of ions in sea water
and in deep-sea sediments. Geochim Cosmochim Acta
38: 703-714.

Libicki SB, Salmon PM, Robertson CR. (1988). The
effective diffusive permeability of a nonreacting
solute in microbial cell aggregates. Biotechnol Bioeng
32: 68-85.

Mass LRM. (1994). On the surface area of an ellipsoid and
related integrals of elliptic integrals. Comput Appl
Math 51: 237-249.

Masotti I, Ruiz-Pino D, Le Bouteiller A. (2007). Photo-
synthetic characteristics of Trichodesmium in the
southwest Pacific Ocean: importance and significance.
Mar Ecol Prog Ser 338: 47-59.

Meeks JC, Castenholz RW. (1971). Growth and photo-
synthesis in an extreme thermophile Synechoccus
lividus (Cyanophyta). Arch Mikrobiol 78: 2541.

Moisander PH, Pearl HW, Dyble ], Sivonen K. (2007).
Phosphorus limitation and diel control of nitrogen-
fixing cyanobacteria in the Baltic Sea. Mar Ecol Prog
Ser 345: 41-50.

Mohlin M, Wulff A. (2009). Interaction effects of ambient
UV radiation and nutrient limitation on the toxic
cyanobacterium Nodularia spumigena. Microb Ecol
57: 675—-686.

Mohr W, Grosskopf T, Wallace DW, LaRoche ]. (2010).
Methodological underestimation of oceanic nitrogen
fixation rates. PLoS ONE 5: e12583.

Montoya JP, Voss M, Kahler P, Capone DG. (1996). A
simple, high-precision, high-sensitivity tracer assay
for N, fixation. Appl Environ Microb 62: 986—993.

1557

The ISME Journal



C-, N- and O, fluxes in N. spumigena
H Ploug et a/

Musat N, Halm H, Winterholler B, Hoppe P, Peduzzi S,
Hillion F et al. (2008). A single-cell view on the
ecophysiology of anaerobic phototrophic bacteria.
Proc Natl Acad Sci 105: 17861-17866.

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

Paerl] HW, Bebout BM. (1988). Direct measurement of
O,-depleted microzones in marine oscillatoria—
relation to N-2 fixation. Science 241: 442—445.

Paerl HW, Kuparinen J. (2002). Microbial aggregates and
consortia. In: Bitton G (ed). Encyclopedia of Environ-
mental Microbiology, vol. 1. John Wiley and Sons Inc.:
New York, NY, pp 160-181..

Ploug H, Grossart H-P. (1999). Bacterial production and
respiration in suspended aggregates—a matter of the
incubation method. Aquat Microb Ecol 20: 21-29.

Ploug H, Iversen MH, Fischer G. (2008). Ballast, sinking
velocity and apparent diffusivity in marine snow and
zooplankton fecal pellets: Implications for substrate
turnover by attached bacteria. Limnol Oceanogr 53:
1878-1886.

Ploug H, Kiithl M, Buchholz B, Jergensen BB. (1997).
Anoxic aggregates—an ephemeral phenomenon in the
ocean. Aquat Microbol Ecol 13: 285-294.

Ploug H, Musat N, Adam B, Moraru CM, Bergman B, Lavik
G et al. (2010). Small-scale carbon and nitrogen fluxes
associated with Aphanizomenon sp. in the Baltic Sea.
ISME J; 4: 1215-1223.

Ploug H, Stolte W, Jgrgensen BB. (1999). Diffusive
boundary layers of the colony-forming plankton alga,
Phaeocystis sp.—implications for nutrient uptake.
Limnol Oceanogr 44: 1959-1967.

Ploug H. (2008). Cyanobacterial aggregates formed by
Aphanizomenon sp. and Nodularia spumigena in the
Baltic Sea: small-scale fluxes, pH and oxygen micro-
environments. Limnol Oceanogr 53: 914-921.

Popa R, Weber PK, Pett-Ridge ], Finzi JA, Fallon SJ,
Hutcheon ID et al. (2007). Carbon and nitrogen
fixation and metabolite exchange in and between
individual cells of Anabaena oscillarioides. ISME | 1:
354-360.

Revsbech NP. (1989). An oxygen microelectrode with a
guard cathode. Limnol Oceanogr 34: 474-478.

Rolff C, Almesjo L, Elmgren R. (2007). Nitrogen fixation
and abundance of the diazotrophic cyanobacterium
Aphanizomenon sp. in the Baltic Proper. Mar Ecol
Prog Ser 332: 107-118.

Stal L], Albertano P, Bergman B, von Brickel K, Gallon JR,
Hayes PK et al. (2003). BASIC: Baltic Sea Cyanobac-

The ISME Journal

teria. An investigation of the structure and dynamics
of water blooms of cyanobacteria in the Baltic
Sea—responses to a changing environment. Cont Shelf
Res 23: 1695-1714.

Stoecker D, Autio R, Rintala J-M, Kuosa H. (2005). Ecto-
cellular enzyme activity associated with filamentous
cyanobacteria. Aquat Microb Ecol 40: 151-161.

Tuomainen J, Hietanen S, Kuparinen J, Martikainen PJ,
Servomaa K. (2006). Community structure of the
bacteria associated with Nodularia sp (cyanobacteria)
aggregates in the Baltic Sea. Microbial Ecol 52:
513-522.

Vintila S, El-Shehawy R. (2007). Ammonium ions inhibit
nitrogen fixation but do not affect heterocyst
frequency in the bloom-forming cyanobacterium
Nodularia spumigena strain AV1. Microbiology 153:
3704-3712.

Vintila S, Jonasson S, Wadensten H, Nilsson A, Andrén
PE, E-Shehawy R. (2010). Proteomic profiling of the
Baltic Sea cyanobacterium Nodularia spumigena
strain AV1 during ammonium supplementation.
J Proteomics 73: 1670-1679.

Walsby AE, Hayes PK, Boje R, Stal L. (1997). The selective
advantage of buoyancy provided by gas vesicles for
planktonic cyanobacteria in the Baltic Sea. New Phytol
136: 407—-417.

Wannicke N, Koch BP, Voss M. (2009). Release of fixed N,
and C as dissolved compounds by Trichodesmium
erythreum and Nodularia spumigena under the influ-
ence of high light and high nutrient (P). Mar Ecol Prog
Ser 57: 175-189.

Warembourg FR. (1993). Nitrogen isotopes techniques.
In: Knowles K, Blackburn TH (eds). Nitrogen Fixation
in Soil and Plant Systems. Academic Press, New York,
pp 157-180.

Wolf-Gladrow DA, Bijma J, Zeebe R. (1999). Model
simulation of the carbonate system in the microenvir-
onment of symbiont bearing foraminifera. Marine
Chem 64: 181-198.

Wolf-Gladrow DA, Riebesell U. (1997). Diffusion and
reactions in the vicinity of plankton: a refined model
for inorganic carbon transport. Marine Chem 59:
17-34.

Wolf-Gladrow DA, Zeebe RE, Klaas C, Kortzinger A,
Dickson AG. (2007). Total alkalinity: the explicit
conservative expression and its application to biogeo-
chemical processes. Marine Chem 106: 287-300.

Wulff A, Mohlin M, Sundback K. (2007). Intraspecific
variation in the response of the cyanobacterium
Nodularia spumigena to moderate UV-B radiation.
Harmful Algae 6: 388—399.



	Carbon, nitrogen and O2 fluxes associated with the cyanobacterium Nodularia spumigena in the Baltic Sea
	Introduction
	Materials and methods
	Sampling
	N. spumigena cell sizes, abundance and chlorophyll (Chl.a) colony structure
	Dissolved inorganic carbon
	Incubations with stable isotopes
	Elemental analyzer-isotope ratio monitoring mass spectrometry analysis
	NanoSIMS analysis
	Photosynthesis and respiration measurements in colonies using microsensors
	Ammonium analysis

	Results
	Discussion
	Acknowledgements
	References




