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Summary

The fixation of dinitrogen (N,) is the most important process of nitrogen (N) input to
the oceans. Historically, this process has been primarily linked to surface waters where
the limiting availability of N precludes further phytoplankton growth, thereby allowing
the growth of N,-fixers (diazotrophs) without competition. More recent findings suggest
nutrient-rich but oxygen-depleted areas, termed oxygen minimum zones (OMZs), to be
another important site for N, fixation. The aim of this thesis was to investigate the in-
fluence of oxygen on N, fixation and to assess the importance of diazotrophs in oxygen
minimum zones.

In a first set of laboratory experiments, the unicellular diazotrophic cyanobacterium
Crocosphaera watsonii WH8501 was used as a model organism to gain insight on the ef-
fect of oxygen on N, fixation (chapter 2.1). The removal of oxygen to protect the oxygen
sensitive nitrogenase enzyme was responisble for over half of the cellular carbon stor-
age drawdown during the dark phase (60%), at oxygen concentrations similar to those
found in the surface oceans (20%). When the oxygen concentration was lowered to re-
semble values like found in the oxyclines of OMZs (5%), the cells performed N, fixation
at slightly higher rates without any excess carbon consumption due to oxygen removal. C.
watsonii showed no response to nitrate additions up to 800 uM. However, a comparison of
the costs of N, reduction to ammonium relative to the costs of assimilatory nitrate reduc-
tion to ammonium revealed that these two processes are bioenergetically on a par at low
oxygen concentrations, leading to the prediction that diazotrophy should not be limited to
the oligotrophic (nutrient-poor) surface oceans, but would also be likely to occur inside
OMZs, where nitrate concentrations can be high.

This prediction was tested in the Peruvian upwelling system, which is part of the
largest OMZ of the world. The whole Peruvian shelf area (5°S - 15°S) is characterized by
upwelling of cold, nutrient rich water leading to high primary productivity. High residual
phosphate concentrations (high P*) due to N-loss processes in the area between Lima and
Pisco (12°S - 14°S) lead to a N-limitation of phytoplankton and related overproduction
of organic carbon relative to organic N, as observed in a nutrient addition experiment at
17.45°S 073°W (chapter 2.2).

The highest N, fixation rate during the cruise was measured in the area of high-
est P* values at 12.2°S 077°W with 840 umol N m™ d'!, a value comparable to those
measured in blooms of the diazotrophic cyanobacterium Trichodesmium. Several novel
clusters of diazotrophs were detected in the Peruvian upwelling system by nifH cloning
and quantified by cluster specific TagMan qPCR. Each cluster showed a unique pattern
of distribution and some had highest numbers within the OMZ at elevated nitrate con-

centrations. The incorporation of I5N, added as 15N2 gas to incubations, into biomass
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confirmed the N, fixation activity within the OMZ. Glucose addition to bulk incubations
of seawater always resulted in a stimulation of N, fixation, indicating a major impor-
tance of heterotrophic diazotrophs in the system. These results confirmed the assumption
that diazotrophs can inhabit waters low in dissolved oxygen concentrations, where nitrate
concentrations can be high (chapter 2.3).

Chapter 2.4 reports on a laboratory experiment on the equilibration time of a 15N2
gas bubble with the N, gas in seawater, whose results have led to the conclusion that the
most commonly applied method to measure N, fixation in the ocean, the 15 N, tracer as-
say (Montoya ef al. 1996), has lead to a signifficant and variable underestimation of N,
fixation rates due to a slow equilibration between the 15N2 tracer added as a gas bubble
to incubations and the incubated seawater. The implications of this finding were tested
on two cruises throughout the Atlantic Ocean, by parallel incubations of the 15N2 tracer
method and a revised protocol (chapter 2.5). The revised method yielded areal N, fixation
rates on average 72% higher than the 15N2 tracer method, leading to a revised estimate
by direct measurements of global N, fixation of 180 Tg N yr'l. Further, the magnitude
of the difference between the methods was affected by the diazotrophic community com-
position. Areas dominated by Trichodesmium showed the least underestimation by the
15N2 tracer method, while areas where the diazotrophic community was dominated by
unicellular and heterocystous cyanobacteria and y-proteobacteria suffered the largest un-
derestimation. This effect most certainly has led to a biased view of the key organisms in

marine N, fixation.
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Zusammenfassung

Die biologische Fixierung von Distickstoff (N,) ist der wichtigste Prozess des Stickstof-
feintrags in die Ozeane. Dieser Prozess wurde vornehmlich mit Bereichen der Ober-
flichenozeane in Verbindung gebracht, in denen die Verfiigbarkeit von Stickstoff (N)
das weitere Wachstum von Phytoplankton limitiert und die daher ein konkurrenzloses
Wachstum von Stickstofffixierern (Diazotrophen) erlauben. Neueren Ergebnissen zufolge
sind auch Sauerstoffminimumzonen, Bereiche hohen Nihrstoffgehaltes und verminderter
Sauerstoffkonzentration ein wichtiger Ort der Stickstofffixierung. Ziel dieser Arbeit war
es, den Einfluss von Sauerstoff auf die Stickstofffixierung und die Wichtigkeit von Dia-
zotrophen in Sauerstoffminimumzonen zu untersuchen.

In einer ersten Serie von Laborversuchen wurde die einzellige stickstofffixierende
Cyanobakterie Crocosphaera watsonii WH8501 als Modellorganismus verwendet, um zu
verstehen, wie sich die Sauerstoffkonzentration auf den Energiehaushalt von Diazotro-
phen auswirkt (Kapitel 2.1). Unter normalen Sauerstoffkonzentrationen (20%), wie sie
etwa im Oberflichenozean vorkommen, war iiber die Hilfte der nidchtlichen Kohlen-
stoffabnahme (60%) in C. watsonii allein auf die Beseitigung des fiir die Nitrogenase
schidlichen Sauerstoffs zuriickzufiihren. Wurde der Sauerstoffgehalt hingegen auf Konzen-
trationen gesenkt, wie sie etwa in Sauerstoffgradienten ober- und unterhalb von aus-
geprigten Sauerstoffminimumzonen anzutreffen sind (5%), zeigten die Zellen eine leicht
erhohte Stickstofffixierungsrate bei gleichzeitigem Ausbleiben einer nédchtlichen Kohlen-
stoffabnahme, die allein auf Sauerstoffbeseitigung zuriickzufithren wire. C. watsonii
zeigte keienerlei Stimulanz durch die Zugabe von bis zu 800 uM Nitrat zum Ndhrmedium.
Der Vergleich der bioenergetischen Kosten, die durch Stickstofffixierung oder durch Ni-
tratassimilation entstehen, zeigte, dass bei niedriger Sauerstoffkonzentration, also ohne
Kohlenstoffabnahme zur Sauerstoffbeseitigung, beide N-Aufnahmewege energetisch gleich-
gestellt sind und somit kein Nachteil von Diazotrophen gegeniiber Nitratassimilierern zu
erwarten wire. Dieser Vergleich fiihrte uns zu der Annahme, dass Diazotrophe neben
den Oberflichenozeanen auch Sauerstoffminimumzonen besiedeln konnten, wo die Ni-
tratkonzentrationen mitunter sehr hoch sind.

Diese Vorhersage konnte im Auftriebsgebiet von Peru untersucht werden, das zu der
groften Sauerstoffminimumzone der Welt im tropischen und subtropischen Ostpazifik
gehort. Der gesamte peruanische Kontinentalsockel (5°S - 15°S) ist von Auftriebsstro-
mungen geprigt, die kaltes, nihrstoffreiches Tiefenwasser an die Oberfliche befordern
und zu vermehrter Primédrproduktion fithren. Durch Stickstoffverlustprozesse im Bereich
zwischen Lima und Pisco (12°S - 14°S) kam es zu einer hohen Konzentration an Phos-
phat bei gleichzeitig sehr geringer Nitratkonzentration (hohe P* Konzentration) in der

Wassersiule, was zu einer Stickstofflimitierung der Primérproduktion und einer Uberpro-

IX



duktion von Kohlenstoff im siidlichen Auftriebsgebiet von Peru fiihrte, wie es anhand
eines Nahrstoffzugabeexperiments bei 17.45°S 073°W zu beobachten war (Kapitel 2.2).

Die hochsten Stickstofffixierungsraten der gesamten Ausfahrt wurden in dem Be-
reich der hochsten P* Konzentrationen bei 12.2°S 077°W gemessen, mit 840 yumol N m~
d!, einem Wert wie er etwa in groBeren Trichodesmium-Bliiten erreicht wird. Sieben
neue Cluster im Stammbaum der Diazotorophen wurden mittels Klonierung des nifH
Gens im Auftriebsgebiet von Peru entdeckt und konnten durch TagMan qPCR quan-
tifiziert werden. Dabei zeigte sich ein einzigartiges Verbreitungsmuster fiir jeden Cluster,
wobei einige der Cluster ihr Hiufigkeitsmaximum in der Sauerstoffminimumschicht bei
hohen Nitratkonzentrationen zeigten. Die Aktivitit der Diazotrophen vor Peru konnte
iiber den Nachweis des Einbaus des schweren Stickstoffisotops >N, in die Biomasse
bestitigt werden. Dabei fiihrte die Zugabe von Glukose immer zu einer Stimulation der
Sickstoffixierungsraten, was auf eine Beteiligung von heterotrophen Stickstoffixierern in
dem System hinweist. Diese Ergebnisse haben die Annahme bestitigt, das Stickstoffix-
ierer Bereiche der Ozeane besiedeln konnen, in denen die Nitratkonzentration hoch, aber
gleichzeitig der Sauerstoffgehalt gering ist (Kapitel 2.3).

Kapitel 2.4 zeigt Ergebnisse eines Experiments zum Gasgleichgewicht zwischen
Gas und Wasserphase einer Inkubation mit 15N2 aus denen resultierte, dass Messungen
der Stickstofffixierung mit der weit verbreiteten 15N2 Spurengasmethode (Montoya et al.
1996) zu einer signifikanten und variablen Unterschidtzung der Stickstofffixierungsraten
fiihren. Die Konsequenzen dieser Entdeckung wurde mittels zweier Ausfahrten im At-
lantischen Ozean iiberpiift, bei denen Parallelmessungen mit der 15N2 Spurengasmeth-
ode und einer iiberarbeiteten Methode durchgefiihrt wurden. Die iiberarbeitete Meth-
ode zeigte im Durchschnitt 72 % hohere flichenbezogene Stickstofffixierungsraten als
die 1 N, Spurengasmethode, was zu einer Korrektur der globalen Stickstoffixierungsrate
durch direkte Messungen auf 180 Tg N a’! fiihrte. Dabei war der Unterschied der mit
den beiden Methoden gemessenen Raten variabel, zeigte aber eine deutliche Tendenz zu
hoherer Unterschitzung von Stockstofffixierungsraten mit der 13 N, Spurengasmethode in
Bereichen, die von einzelligen und heterocystenbildenden diazotrophen Cyanobakterien
und §-Proteobakterien dominiert wurden. Raten, gemessen in Regionen in denen Tri-
chodesmium vorherrschend war, wiesen hingegen geringere Unterschiede zwischen den
Methoden auf. Ein solcher Effekt hat sicherlich zu einer verschobenen Wahrnehmung in

Bezug auf die Schliisselorganismen der Stickstoffixierung gefiihrt.
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1 Introduction

Together with carbon (C), nitrogen (N) is the most important nutrient element for all living
matter. The oceans hold a considerable amount of N in the form of reactive N (N;, N that
is available to biology, mainly nitrate, nitrite, ammonium and dissolved organic N (DIN)),
yet a fraction of this N; is continuously lost by processes occurring in oxygen minimum
zones (OMZs) and suboxic sediments. The largest supply route of new N; to the oceans
is the microbial mediated fixation of gaseous dinitrogen (N,). Only specialized groups
of bacteria and archea, called diazotrophs, are capable of breaking the chemically highly
stable triple bond in the N, molecule and reducing it to ammonium. These diazotrophs,
although only responsible for about 1.6% of marine primary productivity, are therefore
key organisms in controlling the marine carbon cycle and the sequestration of CO, from
the atmosphere (Falkowski 1997). Should all diazotrophs cease to exist in one instance,
the oceans would be completely sterile after 1000 -2000 years (ignoring terrestrial inputs
and given the continuation of N-loss) (Duce ef al. 2008). This thesis focuses on the
fixation of N, in oxygen minimum zones. These large areas of low oxygen concentration
are well known for their high activity of N-loss pathways, yet little is known about N-input
by N, fixation.

1.1 Nitrogen fixation
The Haber-Bosch process

In 1909 the German chemist Fritz Haber discovered that hydrogen gas (H,) would com-
bine with the highly inert nitrogen gas (N,) to form ammonia (NH;) at a temperature of
around 500° C, a pressure of 150 -200 atmospheres, and in presence of an iron catalyst.
Carl Bosch upscaled the process to industrial levels and took the idea to the chemical com-
pany BASF, where the commercial production of ammonia started in 1913 (Smil 1999).
Since then the Haber-Bosch process has supplied the exponentially growing human popu-
lation with the ammonia needed as fertilizer for high efficiency agriculture. Today, about
130 Tg of ammonia are produced by the Haber-Bosch process each year (Galloway et
al. 2004, Gruber & Galloway 2008). The energetic expense invested is immense: About
1% of the total human energy production is consumed by the Haber-Bosch process. The
fixation reaction itself is an exothermic (energy yielding) process at room temperature
(eq. 1).

0.5N, + 1.5H, <> NH; Gy = —45.7KJmol ! (1)

However, to break the triple bond in the N, molecule a high activation energy is required
that is overcome by using high temperature and pressure, making the industrial process

expensive energetically.
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Nitrogenase

The process of biological fixation of N, arose a few billion years before its rediscovery by
Haber and Bosch. The reaction is catalyzed by the nitrogenase enzyme complex, which
has its evolutionary origin in a completely reduced atmosphere some 2 x 10° years ago
(Cheng 2008, Boyd et al. 2011). The ancient form of nitrogenase contains molybdenum
and iron, but alternative enzymes free of molybdenum exist, instead using a vanadium-
iron (vaufDK) or iron only (anfDK) cofactor (Hales et al. 1986, Chisnell et al. 1988). The
following description of nitrogenase will focus on the molybdenum containing nitroge-
nase, encoded by the nif-operon, which is the best studied of the nitrogenases. The core
enzyme of nitrogenase is known as the MoFe protein. It is a heterotetramer, consisting
of two alpha and two beta subunits, encoded by the nifD and nifK genes (Schindelin et
al. 1997). The MoFe protein binds the N, substrate and reduces it to ammonium in a
three step reaction, a fourth cycle reduces two protons to yield hydrogen gas (H,) (Pickett
1996). The low potential electrons that are needed for the reduction of N, are provided by
the nitrogenase reductase, a heterodimer protein with an iron cofactor bound between the
subunits, encoded by the nifH gene (Brigle et al. 1985). Per electron transferred, the iron
protein hydrolyzes two molecules of ATP to ADP (Hallenbeck 1983), which is required
for lowering the midpoint potential of the iron protein as well as for the conformational
change that allows the binding to the MoFe protein (Danyal et al. 2011). The overall re-
action of the nitrogenase enzyme complex is summarized in equation 2 (Burgess & Lowe
1996).

N> +8e™ +8H™' + 16ATP ++ 2NH; + H, + 16ADP + 16Pi (2)

Similar to the Haber-Bosch process, large amounts of energy are invested (in form of
ATP), presumably to increase the kinetics of the reaction. The electrons that are delivered
by the Fe protein to nitrogenase are very low potential electrons that stem from reduced
ferredoxin or flavodoxin (Shah er al. 1983). Nitrogenase in vitro shows a midpoint po-
tential of -473 mV. When the redox potential is set to more negative values, the ATP
consumption of nitrogenase approaches two moles ATP per mol electrons transferred. At
higher redox potentials (more oxidizing conditions), the ATP consumption per electron
transferred increases rapidly (Hallenbeck 1983). Oxygen, if present, increases the redox
potential and therefore the ATP requirement of nitrogenase. This finding already implies
that the enzyme is sensitive to oxygen and needs to be kept in a completely reduced en-
vironment for most efficient operation. Although a respiratory chain proves very useful
to supply the large amounts of ATP required by the reduction of N, to ammonium, both
the MoFe and the Fe protein are rapidly destroyed on contact with oxygen, presumably
by the action of peroxide or superoxide radicals (Fay 1992). Therefore, all diazotrophs

show adaptations to protect their nitrogenase enzyme from oxygen, either by respiratory
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removal of oxygen (Peschek er al. 1991), the exclusion of oxygen via diffusion barriers
(Walsby 2007), the conformational protection of the enzyme (Fay 1992) or the complete

inhibition of nitrogenase gene expression in the presence of oxygen (Schmitz et al. 2002).

Diazotrophs (N, fixers)

The occurrence of a nif operon is strictly limited to genomes within the bacteria and ar-
chaea. Nevertheless, many plants make use of the process of N, fixation to colonize areas
low in fixed N compounds like nitrate (NO3"), nitrite (NO,") or ammonium (NH,*) by of-
fering space, protection and nutrients to certain prokaryotes, that in turn supply the plant
with fixed nitrogen in form of ammonium. The best known of these symbiont interac-
tions is represented by the legumes, one of the largest families within the plant kingdom.
Several lineages therein show a symbiosis with diazotrophic (- and 3-) proteobacteria
commonly known by the name rhizobia. When growing on soil devoid of fixed N, these
plants attract rhizobia to live in globular structures generated along the roots of the plant.
The plant then produces leghemoglobine, an oxygen binding protein that both keeps the
oxygen pressure at low levels and at the same time guarantees a steady flow of oxygen to
fuel rhizobial respiratory needs (Long 1989).

While rhizobia are the most important terrestrial diazotrophs, in the marine environ-
ment most of the biological N, fixation is performed by cyanobacteria, the only prokary-
otes containing both chlorophyll a and b, besides other accessory pigments. Cyanobac-
teria are capable of oxygenic photosynthesis, since they possess two photosystems, pho-
tosystem I (PSI) and photosystem II (PSII), which allows them to reduce CO, to carbo-
hydrates with electrons derived from water. An interesting exception to the rule is repre-
sented by a novel cyanobacterium UCYN-A, that lacks PSII (Zehr et al. 2008) and there-
fore does not evolve oxygen. Cyanobacteria populate the euphotic layer of the oceans,
the top 200 meters, which are penetrated by sufficient amount of sunlight to permit pho-
tosynthesis (Ting et al. 2002). Within the cyanobacteria, several species are capable
of N, fixation. Diazotrophic cyanobacteria are confronted with the problem of combin-
ing the oxygen evolving lifestyle of photoautotrophy with the anoxic process of N, fixa-
tion. They have evolved four different strategies to circumvent this problem, allowing the
classification of diazotrophic cyanobacteria into four groups: Heterocystous, filamentous
non-heterocystous and single cell cyanobacteria, with the UCYN-A as a special case.

Heterocystous cyanobacteria form linear or branched chains of cells called fila-
ments. When growing in the absence of fixed N like nitrate or ammonium, some cells
along a filament develop into heterocysts (Ramos & Guerrero 1983). These cells grow a
thick glycolipid layer, that acts as a diffusion barrier for molecular oxygen (Paerl et al..
1995). The heterocysts have no PSII and are highly enriched in PSI, which plays a role

in generating ATP, together with the terminal oxidase of the respiratory chain (Milligan
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et al. 2007, Valladares et al. 2007). The heterocysts are the only cells along the filaments
with active nitrogenase enzymes. The ammonium produced in these cells is shared with
neighboring cells in exchange for reduced carbon compounds (sugars). In the ocean the
occurrence of free living heterocystous cyanobacteria is limited to brackish water sys-
tems, like the Baltic Sea, where they can form large and sometimes toxic surface blooms
in the summer, after the nitrate has been consumed (Ohlendieck et al. 2000, Seppala et

al. 2007). In the open ocean, heterocystous cyanobacteria of the genera Richelia and

Calothrix occur in the form of symbionts of diatoms (Carpenter et al. 1999, Foster et al.
2007, Foster et al. 2009).

Figure 1: Picture of Anabaena collected in the Eckernforde bay (Baltic Sea) from the
sailing boat Pisco Sour in 2009. Left panel shows a light microscope image of entangled
filaments. Right panel shows the same view with a long pass filter and exited by blue
light. Red fluorescence is emitted by chlorophyll from PS II. Circles show the position of
heterocysts, specialized N,-fixing cells which lack PSII and exhibit no fluorescence.

One of the most important diazotrophs in the ocean is the filamentous non-heterocystous
cyanobacterium Trichodesmium (Capone et al. 1997). Although the single cells are about
8 -10 um wide and 5 - 21 pym in diameter, these organisms form colonies of thousands
of cells arranged in hundreds of filaments that are visible to the naked eye (LaRoche &
Breitbarth 2005). Trichodesmium is able to fix N,, above temperatures of 20°C, with max-
imum rates in the temperature range between 24° and 30°C (Breitbarth ez al. 2007). This
confines its distribution to the tropical and subtropical oceans, where it can grow to large
numbers, forming patches of high biomass that are detectable from space (Subramaniam
et al. 2002). Such blooms of Trichodesmium are associated with a shallow mixed layer
and the input of iron to the surface ocean by aeolian dust deposition (Tyrrell ef al. 2003).
Colonies of Trichodesmium have an adaptive advantage over other diazotrophs in regions
with high atmospheric dust input due to their ability of accessing particle-bound iron (Ru-
bin et al. 2011). The ability to switch to alternative P sources like inorganic phosphate or
phosphonates (Dyhrman & Haley 2006), the plasticity of the cellular C:P ratio that allows

low cellular P quota (Fu et al. 2005) and the high iron requirements of Trichodesmium
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(Tuit er al. 2004) suggest that the distribution of these organisms is controlled by the
availability of iron in the environment rather than phosphate (Moutin ef al. 2008). In
contrast to the heterocystous cyanobacteria, Trichodesmium does not show specialized
cells that exclusively perform N, fixation. In principle every cell is competent to produce
nitrogenase, but since N, fixation and photosynthetic oxygen evolution are happening in
parallel in the same filament, there is separation at the cellular level (Berman-Frank et
al. 2001). Cells that are fixing N, exhibit increased PSI activity, light driven oxygen
consumption via the Mehler reaction (Kupper et al. 2004, Milligan et al. 2007) and
increased cytochrome c oxidase activity (Bergman et al. 1993). The consumption of oxy-
gen during the N, fixation period likely exceeds the purely energetic demands, since N,
fixation is negatively correlated with ambient oxygen concentration in these cyanobacte-
ria (Staal et al. 2007). The dominance of Trichodesmium in the tropical oceans creates a
paradox, since apparently the heterocystous cyanobacteria are better equipped to confront
high oxygen concentrations, due to their diffusion barrier. It seems likely however, that
at high temperatures such as those observed in the tropical oceans, respiratory protection,
the removal of oxygen by PSI or terminal oxidases, presents a better strategy to remove

oxygen than the development of heterocysts (Staal ef al. 2003).

-150° -120° -90° -60° -30° o° 30° 60°  90° 120° 150°

60° 5= 60°

300 |+=== 3o°
o e
-30° Jo .8l -30°

-60° -60°

Figure 2: Trichodesmium, a key player in the marine N-cycle. Left panel shows sur-
face bloom of Trichodesmium with inlay showing Trichodesmium colonies. Picture from:
(Kasting & Siefert 2002). Right panel shows observations of Trichodesmium in waters
warmer than (red dots) or cooler than 20° C (blue dots). Dashed line shows 20°C isotherm
of annual mean SST. Source: (LaRoche & Breitbarth 2005).

In Crocosphaera and Cyanothece, two genera with important representatives in the ma-
rine habitat, the fixation of N, is restricted to the night period (ColonLopez et al. 1997,
Mohr et al. 2010b). During the light period the cells exhibit a photoautotrophic lifestyle,
fixing CO, and accumulating storage carbohydrates (Schneegurt et al. 1994). At the
beginning of the dark period photosynthesis genes are down-regulated and the genes for

respiration and N, fixation up-regulated (Colon-Lopez & Sherman 1998, Stoeckel et al.
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Picoeukaryotes
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Figure 3: Unicellular diazotrophic cyanobacteria. Left panel: Electron micrograph of
Crocosphaera watsonii WH 8501. Scale bar = 1 um. Source: (Zehr et al. 2001). Right
panel: first report on detection of Group A (UCYN-A) canobacteria in a flow cytometry
sample. Source: (Zehr et al. 2008).

2008, Mohr et al. 2010b). The cells switch to a heterotrophic lifestyle, fueling the ener-
getic demands of N, fixation by the oxidation of carbohydrates acquired during the light
period (Sherman et al. 1998, Shi et al. 2010). Respiration not only provides energy for
basal metabolism and N, fixation during the dark period, but probably also represents the
mechanism by which these unicellular bacteria keep their cellular interior at low oxygen
concentrations during the period of N, fixation, a mechanism termed respiratory protec-
tion (Peschek et al. 1991). Some unicellular cyanobacteria produce external polysac-
charides that generate a mucus matrix around clusters of cells (Webb et al. 2009) that
could additionally slow the diffusion of oxygen and assist during N, fixation. Unicellular
cyanobacteria seem to be better competitors for iron than Trichodesmium, since the major
iron requiring processes, N, fixation and photosynthesis, are separated in time (Tuit et al.
2004). In Crocosphaera a strategy coined hotbunking consist of the movement of iron
atoms between the nitrogenase enzymes and the proteins involved in photosynthesis, thus
allowing the cells to lower their iron requirements (Saito ef al. 2011).

Being the only cyanobacteria that lack the oxygen evolving PS II, the recently dis-
covered UCYN-A express their nifH gene during the day (Church et al. 2005, Zehr et
al. 2008), a strategy that would enable them to make use of ATP generated by PSI ac-
tivity in the light to fuel N, fixation. No cultured representative of the UCYN-A exists
to date, which limits the information about their lifestyle and physiology. However, the
information obtained by DNA-sequencing of flow cytometry sorted environmental sam-

ples suggests that UCYN-A exist in a symbiotic relationship, since their genome lacks
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some essential biosynthesis pathways (Tripp ef al. 2010). If this proves to be the case,
the nitrogenase enzyme of UCYN-A could be protected from oxygen by respiratory ac-
tivity or diffusion barrriers of the host cell. While Trichodesmium and Crocosphaera
thrive mainly in water temperatures above 25°C, the UCYN-A show abundance maxima
in waters between 19° and 24° C (Langlois et al. 2008, Moisander et al. 2010).

Recent culture independent methods suggest that non-cyanobacterial sequences are
much more frequent in the oceanic community of diazotrophs than previously thought
(Gaby & Buckley 2011). Proteobacterial sequences dominate within the non-cyanobac-
terial nifH sequences obtained from clone libraries (Farnelid ef al. 2011) and certain pro-
teobacteria are present at high abundances even in oligotrophic ocean areas (Langlois et
al. 2008). Recently, non-cyanobacterial nifH sequences were recovered from the North-
ern and Southern Eastern Tropical Pacific oxygen minimum zones (Fernandez et al. 2011,
Hamersley et al. 2011), indicating the importance of these organisms in low oxygen envi-
ronments. Furthermore, the South Pacific gyre, one of the largest ecosystems in the world,
seems to be dominated by heterotrophic diazotrophs (Halm ef al. 2011). Despite accu-
mulating reports about abundance and activity of non-cyanobacterial diazotrophs in the
oceans, their contribution to global marine N, fixation and their role in the marine ecosys-
tem is still an open issue (Riemann et al. 2010). Most of the diazotrophs are exclusively
known by their nifH gene sequence and any conclusion about their physiology is specu-
lative. Therefore the ways that non-cyanobacterial diazotrophs protect their nitrogenase
from oxygen might be as diverse as their phylogeny suggests. Protective mechanisms in
cultivated proteobacteria include respiratory protection (Bertsova et al. 2001), tolerance
of the nitrogenase towards oxygen by oxygen reduction at the enzyme itself (Thorneley
& Ashby 1989) and shut down of enzyme synthesis in contact with oxygen (Schmitz et
al. 2002, Martinez-Argudo et al. 2004).

Measuring N, fixation

The dynamics of nutrient concentrations in the oceans have repeatedly been used to de-
rive global N, fixation rates (Gruber & Sarmiento 1997, Deutsch et al. 2007). The P*
parameter for example displays the excess or lack of inorganic phosphate (P) relative to
nitrate in the water, given Redfield stochiometry (N:P = 16:1) (eq. 3). The assumptions
needed in order to estimate N, fixation from P* are that non-diazotrophic phytoplankton
growth and remineralisation of non-diazotrophic biomass will always remove and supply
N and P from the environment in the relation 16:1 and that only N, fixation and N-loss
processes can alter the concentration of N relative to 16 x P. Combining knowledge of P*
and ocean circulation allows the calculation of changes in P* over time (given steady-state

P* conditions in space), that must result either from N, fixation (P* decrease) or N-loss
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(P* increase), given the above assumptions (Deutsch et al. 2007).
P*=[PO} |- [NO5]/16 3)

The strength of this approach is that it uses the concentrations of inorganic N and P,
which are routinely measured on nearly every oceanographic cruise, therefore it relies on
a huge dataset that facilitates global extrapolations of N, fixation. The weakness how-
ever, is that differences in nutrient stoichiometry result from the integration of several
metabolic processes and do not necessarily reflect N-loss or N-input processes exclu-
sively. Non-Redfield production, the growth of phytoplankton with a stoichiometry of
PON:POP (particulate organic N: particulate organic P) other than 16:1, is one way of
changing the nutrient N:P ratio without the alteration of the total fixed-N budget. There-
fore such estimates of global N, fixation derived from the distribution and dynamics of
geochemical parameters cannot replace direct measurements of N, fixation in the field.
The two most applied methods to measure environmental N, fixation are the acetylene
reduction assay (Capone 1993) and the 15N2 tracer assay (Montoya ef al. 1996). While
the former uses the capability of nitrogenase to reduce the alternative substrate acetylene
to ethylene, thereby monitoring its activity in vivo, the latter relies on the incorporation
of the stable nitrogen isotope >N into diazotrophic biomass. The 15N2 tracer technique
is more frequently used for oligotrophic bulk water incubations, with incubations ideally
lasting 24 hours to cover one full day and night period. The cyclic behavior of the N, fixa-
tion activity in many diazotrophs prohibits an exact determination of the daily N, fixation
rate in incubations lasting less than a day, unless the diazotrophic species composition is

entirely determined.

1.2 The marine nitrogen cycle

Only the top 200 meters of the ocean, the euphotic zone, receive enough sunlight for
phytoplankton to grow. Life in the on average 3600 meters below is fueled by the flux of
organic material from above. The biological processes that dominate in the deep ocean
are respiration and degradation of organic material (or biomineralization), resulting in
the depletion of oxygen and the buildup of dissolved inorganic carbon (DIC, C), N and
P. It is therefore not surprising that the relative abundances of C, N and P in the deep
ocean reflect the composition of average phytoplankton biomass (C:N:P = 106:16:1, the
Redfield ratio) (Redfield 1958).

While C, Fe and P are supplied to the surface ocean mainly from abiotic sources,
both the sources and the sinks of N in the ocean are controlled by marine microbes. There-
fore the N-cycle is believed to ultimately limit marine primary productivity (Falkowski

1997). Nitrate is the most abundant form of N in the ocean. With a few exceptions phy-
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Figure 4: Schematic diagram of the marine N cycle. The energy consuming processes of
N, fixation and nitrate assimilation dominate in the euphotic zone, while energy yielding
N-conversions are dominant in the deep ocean. In areas of low oxygen concentration (red
dashed line) the conversion of fixed N to N, gas is favored. Blue arrows are transport
processes, black arrows are biological conversions. All numbers represent fluxes in Tg N
yr‘l, adapted from (Duce et al. 2008) and (Gruber & Galloway 2008). The euphotic zone
is indicated by light blue shading. DNRA, dissimilatory nitrate reduction to ammonium;
anammox, anoxic ammonium oxidation, POM, particulate organic matter, N-org, organic
nitrogen, Ny, reactive nitrogen (all non-gaseous N-compounds).
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toplankton species are capable to assimilate nitrate by reducing it to ammonium which is
further used to make amino acids. The phytoplankton biomass is either exported in form
of particulate organic matter (POM) to the deep ocean, or it is degraded in the euphotic
zone, whereby ammonium is liberated and fuels recycled production. After ammonium
and nitrate, the most important N-source for phytoplankton is the fixation of N, (Karl ez
al. 2002). Since 80% of the earth’s atmosphere is composed of N, the availability of
N, gas should not be limiting. Rather the relatively high costs of N, fixation in the sur-
face ocean restrict diazotrophs (N,-fixers) mostly to areas where nitrate and ammonium
concentrations are low. While nitrate and ammonium uptake and remineralization do not
alter the total stock of N in the ocean, since one form of N is transformed into another, N,
fixation presents a true input process of N to the oceans, besides riverine input, groundwa-
ter discharge or the deposition of N via rain or dust (Gruber & Galloway 2008). The ways
that N can leave the ocean is by deposition into the sediments or by transformation of fixed
N forms (nitrate, nitrite, and ammonium) into the gaseous N, form by denitrification and
anammox (minor amounts are lost as N,O and NO) (Kuypers et al. 2005, Duce et al.
2008, Ward et al. 2009). While denitrification, the reduction of nitrite to N, is (mostly) a
heterotrophic process, the anammox reaction is performed by autotrophic anaerobic am-
monium oxidizers with nitrite as oxidant (Lam & Kuypers 2011). Ammonium for the
anammox reaction is supplied by remineralisation, dissimilatory nitrate reduction to am-
monium (DNRA) and, possibly, via N, fixation, while nitrite is a product of heterotrophic
nitrate reduction (Lam et al. 2009). Figure 4 displays the nitrogen cycle in the ocean with
N-conversion flux estimates from the current literature. Most of these estimates have large
error terms attached and while some authors produce a closed oceanic N-budget using an
estimated N-loss of 245 Tg N yr'! (Gruber & Sarmiento 1997, Gruber & Galloway 2008)
others suggest a much higher N loss term of 450 Tg N yr™!, therefore leaving a major gap
on the N-input side (Galloway et al. 2004, Codispoti 2007). This gap, however, repre-
sents a gap in our knowledge about the N-cycle rather than a real gap between N-input
and N-loss processes in the ocean, since such a difference in magnitudes of the two pro-
cesses would lead to a net loss of fixed N from the ocean, which has not been observed in
the recent history of the N-cycle as recorded in the sediments (Altabet 2007). On a local
scale the two processes, N-loss and N-imput, can be out of balance, like e.g. in oxygen
minimum zones, where the N-losses exceed the N-input processes and therefore the N:P

ratio is lower than expected from Redfield stochiometry.

1.3 Oxygen minimum zones

The mixed layer of the ocean is almost always close to 100% oxygen saturation. The

concentration of oxygen at equilibrium is a function of temperature and salinity and can
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vary by about a factor of two in the surface ocean (Weiss 1970). Photosynthetic oxy-
gen production and respiration can alter the concentration of oxygen in seawater, but as
long as the water is in contact with the atmosphere, any deviation from the saturated state
will be adjusted by air-sea gas exchange. Once the water sinks below the mixed layer
and forms part of intermediate water masses or deep water, the oxygen concentration can
only change through watermass mixing or biological activity (mainly respiration). Ven-
tilation, the bulk transport of water masses, is the main route that brings new oxygen to
the deep ocean. Areas with sluggish ventilation of deep water and increased respiration
rates through remineralization of sinking organic material have lower concentrations of
oxygen than the surrounding water masses and are called oxygen minimum zones (OMZ)
(Wyrtki 1962). Such areas have developed at the eastern boundary of the Tropical Atlantic
and Pacific Ocean basins, where the trade winds blow perpendicular to the coast and gen-
erate an offshore flow of surface water, which is replaced by cold subsurface water, a
process called upwelling. The high primary productivity stimulated by the nutrient-rich
deep water in turn results in increased export fluxes of organic material, which is rem-
ineralized in deeper waters, thereby lowering the concentration of dissolved oxygen there
(Dugdale 1972). Therefore, the upwelling systems of the Peru-Humbold current in the
South-Eastern and the California-current in the North-Eastern Pacific Ocean as well as
the Canary-current in the North-Eastern and the Benguela-current in the South-Eastern
Atlantic Ocean are areas of both very high productivity in surface and an oxygen mini-
mum zone underneath (Carr & Kearns 2003). Additionally, the northern Indian Ocean is
characterized by very low oxygen values in subsurface waters, due to low ventilation and

monsoon driven upwelling (Morrison et al. 1999).

0 50 100 150 200 250 300 350 400 450

pmol O, L™

Figure 5: Oxygen concentration in the world’s oceans at sea surface (left panel) and 400
m depth (right panel). Data from World Ocean Atlas 2009 (Garcia 2010).

About 7% of the total oceanic volume has an oxygen concentration of 20 uM or
less, which is considered the OMZ core regions (Paulmier & Ruiz-Pino 2009). Over the
last 50 years an ongoing deoxygenation and vertical growth of the main oxygen minimum

zones in the Atlantic and Pacific Ocean has occurred (Stramma et al. 2008, Stramma et al.
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2009). Anthropogenic climate change and increased usage of fertilizers and concomitant
runoff of nutrients into the ocean has been shown to increase the number of coastal anoxic
events as well as the volume of suboxic water in the tropical ocean (Diaz & Rosenberg
2008, Stramma et al. 2008). Although oxygen minimum zones only represent a minor
fraction of the oceans water volume, they have the potential to impact global nutrient
cycles far more than suggested by their extension, since unique biological and chemical
reactions can happen under low oxgygen conditions. Many reactions in the N-cycle are
sensitive to oxygen, like N, fixation or denitrification (Robson & Postgate 1980, Knowles
1982). Therefore oxygen minimum zones represent hotspot areas in the N-cycle, where
the inventory of fixed N can be altered and the ratio of N:P may be significantly lower
than the Redfield ratio (Zehr 2009). However, the N-loss within the core OMZ and the
accumulation of phosphate in surface waters was hypothesized to stimulate N, fixation,
which then would gradually resupply fixed N and remove the excess P (Deutsch et al.
2007).

1.4 Aim of this thesis

When I started my thesis in late 2008, little was known about the N, fixation in OMZs.
The high productivity due to upwelling of nutrient rich waters, loaded with nitrate and
sometimes nitrite and ammonium seemed an inappropriate habitat for organisms relying
on the expensive acquisition of atmospheric N, as N source. However, a model study by
Deutsch et al. from 2007 predicted that the bulk N, fixation in the ocean should happen
in close proximity to the areas where N gets lost, hence the OMZs. At the same time
the suggestion that the N-loss processes are of much greater magnitude than previously
believed, the discovery of unicellular cyanobacteria with an important role in the marine
N-cycle and the accumulation of literally thousands of different non-cyanobacterial nifH
sequences from oceanic clone libraries led to the conclusion that the global magnitude of
N, fixation is currently grossly underestimated. The aim at the beginning of my thesis
was to evaluate if OMZs present a possible habitat for diazotrophs and if N, fixation is
happening in or above OMZs. Further, it was a main interest to understand what kind of
organisms inhabit this possible niche, how abundant they are and how they are distributed
in the water column along gradients of biological, physical and chemical parameters.
First, I derived a hypothesis from a laboratory experiment on the unicellar diazotrophic
cyanobacterium Crocosphaera watsonii, predicting the occurrence of diazotrophs at low
oxygen, even when nitrate concentrations are high (chapter 2.1). The second and third
manuscripts of this thesis focus on the Peruvian upwelling system, which forms part of
the largest OMZ in the world. The detection of high numbers of so far unknown het-
erotrophic diazotrophs and the fixation of high amounts of N, right in the OMZ core
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area demonstrated that the theoretical foundations of my thesis were justified and lay the
foundation for future in depth research on heterotrophic and other non-cyanobacterial di-
azotrophs in OMZs. The last chapter was nothing planned at the beginning of my thesis.
It was a colleague, Wiebke Mohr, who came across a discrepancy between the N, fixa-
tion rates measured with the '3 N,-tracer assay in her Crocosphaera watsonii culture and
the observed growth rates of the culture. I had previously detected that the acetylene
reduction assay, a second method to measure N, fixation, potentially suffers from an in-
complete equilibration between gas phase and liquid phase, when the ratio of gas to liquid
phase is lower than 2:1 (vol:vol). We hypothesized that a similar effect could apply to the
15N2-tracer method and explain the results on the C. watsonii culture experiment. In a first
manuscript (chapter 2.4) we could show that the kinetic of equilibration between a 15N2
gas bubble and the surrounding seawater was slower than the time of a typical incubation
period of 24 hours, leading to a variable underestimation of measured N, fixation rates.
In a second manuscript (chapter 2.5) we assessed the average magnitude of this effect on
field samples from the Atlantic Ocean, which enabled us to extrapolate our findings over
published values of N, fixation and to generate a revised global estimate of N, fixation,

derived from direct measurements.
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The following manuscripts form part of this thesis:

2.1 Bioenergetics of N, fixation

GroBkopf, T., LaRoche, J. (2012) Direct and indirect costs of dinitrogen fixation in Crocosphaera watsonii
WHS8501 and possible implications for the nitrogen cycle Submitted to Frontiers in Aquatic Microbiology

Contribution: T.G. designed and performed the experiments, analyzed the data and wrote the manuscript.
J.LR. helped with experimental design and analysis of the data and to improve the manuscript.

2.2 The Peruvian upwelling system

GroBkopf, T., Loscher, C.R., Schunck, H., Lavik, G., Kuypers, M.M.M., Kolber, Z., Friedrich, G., Chavez,
F., Schmitz, R.A., LaRoche, J. (2012) High coastal productivity drives Southern Peruvian upwelling system

into N limitation. In preparation for submission.

Contribution: T.G., C.R.L., H.S. and J.LR. performed the experiments and collected the data. G.F. measured
CO, concentrations and Fv/Fm values. T.G. measured the smamples, analyzed the data and wrote the
manuscript. G.L., MM.M.K,, Z.K., G.F,, EC., R.A.S. and J.L.R. helped to analyze the data and to improve

the manuscript.

2.3 Heterotropphic N, fixation in the Peruvian OMZ

Loescher, C.R., GroBikopf, T., Gill, D., Schunck, H., Pinnow, N., Desai, F., Lavik, G., Kuypers, M.M.M.,
LaRoche, J., Schmitz, R.A. (2012) Niche separation of novel groups of bacterial diazotrophs in the largest
oxygen minimum zone of the world’s ocean. In preparation for submission.

Contribution: C.R.L., T.G., H.S. and J.LR. collected the samples and performed the experiments. C.R.L.
and D.G. did the extraction and qPCR of nifH DNA from transect stations. C.R.L., T.G.,N.P, ED. and D.G.
did cloning of nifH DNA and cDNA. T.G. and H.S. extracted DNA and RNA from experimental stations.
T.G. and C.R.L. did gPCR with nifH DNA of experimental stations. T.G. performed flow cytometry mea-
surements and analyzed the C and N fixation data. C.R.L wrote the manuscript with T.G., R.A.S. and J.LR..
M.M.M.K, G.L,R.AS.,JLR., T.G. and C.R.L. designed the experiments and analyzed the data.

2.4 Underestimation of N, fixation

Mohr, W., Grosskopf, T., Wallace, D. W. R. & LaRoche, J. Methodological Underestimation of Oceanic
Nitrogen Fixation Rates. Plos One 5 (9), €12583. doi:10.1371/journal.pone. 0012583 (2010).

Contribution: W.M. designed the research, carried out the experiments and measurements, analyzed the

data and wrote the manuscript. T.G., D.W.R.W. and J.L.R. assisted with the design and analysis of the data
and commented on the prepared manuscript.
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2.5 Closing the Gap

GroBkopf, T., Mohr, W., Baustian, T., Schunck, H., Gill, D., Kuypers, M.M.M., Lavik, G., Schmitz, R.A.,
Wallace, D.W.R., LaRoche, J. (2012) Closing the gap - Doubling in global N, fixation rates by direct

measurements. In review at Nature

Contribution: W.M. designed the dissolution method. T.G., T.B., H.S. and D.G. collected samples and
performed nifH gene quantification, M.M.M.K. and G.L. did the measurements on the mass spectrometer.
T.G. wrote the manuscript with WM. and JLR. MM.M.K., G.L.,,R.A.S,, DWR.W., J.LR, WM. and T.G.

designed the experiments and analyzed the data.

Further contributions that do not form part of this thesis:

Schunck, H., Lavik, G., Desai, D.K., GroBkopf, T., Kalvelage, T., Loscher, C.R., Contreras, S., Paul-
mier, A., MuBman, M., Holtappels, M., Rosenstiel, P., Schillhabel, M., Graco, M., Siegel, H., Schmitz,
R.A., Kuypers, M.M.M., LaRoche, J. (2012) Metatranscriptomic profiling of the (chemolithoautotrophic)
microbial community active in sulfidic waters of the Peruvian oxygen minimum zone. In preparation for

submission.
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2.1 Bioenergetics of N, fixation

The recent detection of heterotrophic nitrogen (N2) fixation in deep waters of the southern
Californian and Peruvian OMZ questions our current understanding of marine N, fixation as a
process confined to oligotrophic surface waters of the oceans. In experiments with
Crocosphaera watsonii  WH8501, a marine unicellular diazotrophic (N-fixing)
cyanobacterium, we demonstrated that the presence of high nitrate concentrations (up to 800
MM) had no inhibitory effect on growth and N, fixation over a period of two weeks. In
contrast, the environmental oxygen concentration significantly influenced rates of N, fixation
and respiration, as well as carbon and nitrogen cellular content of C. watsonii over a 24 hour
period. Cells grown under lowered oxygen atmosphere (5%) had a higher nitrogenase activity
and respired less carbon during the dark cycle than under normal oxygen atmosphere (20%).
Respiratory oxygen drawdown during the dark period could be fully explained (104%) by
energetic needs due to basal metabolism and N; fixation at low oxygen, while at normal
oxygen these two processes could only account for 40% of the measured respiration rate. Our
results revealed that under normal oxygen concentration most of the energetic costs during N
fixation (~60%) are not derived from the process of N, fixation per se but rather from the
indirect costs incurred for the removal of intracellular oxygen or by the reversal of oxidative
damage (e.g. nitrogenase de novo synthesis). Theoretical calculations suggest a slight
energetic advantage of N fixation relative to assimilatory nitrate uptake for heterotrophic and
phototrophic growth, when oxygen supply is in balance with the oxygen requirement for
cellular respiration (i.e. energy generation for basal metabolism and N, fixation). Taken
together our results imply the existence of a niche for diazotrophic organisms inside oxygen
minimum zones, which are predicted to further expand in the future ocean.
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Introduction

The classical view on marine N, fixation assumes that the preferred ecological niche of
diazotrophs is largely limited to surface waters of oligotrophic areas, characteristically
depleted of fixed N, saturated in dissolved oxygen and subjected to high light intensities
(Howarth et al. 1988, Karl et al. 2002). However, recent surveys of the phylogenetic diversity
and distributions of nifH, the functional gene marker for diazotrophy, demonstrated the
presence of diazotrophs throughout all marine environments, ranging from deep-sea vents to
highly productive shelf areas (Braun et al. 1999, Steppe & Paerl 2002, Mehta et al. 2003, Zehr
et al. 2003, Church et al. 2005, Langlois et al. 2005, Farnelid et al. 2011, Fernandez et al.
2011, Hamersley et al. 2011). Furthermore, in the euphotic zone of the Atlantic and Pacific
oceans Ny fixation has been reported at high concentrations of ambient nitrate (\Voss et al.
2004, Moisander et al. 2010, Sohm et al. 2011). Despite the broad diversity and distribution of
diazotrophs, current research on oceanic N, fixation focuses mainly on a few groups of
cyanobacteria inhabiting the mixed layer, mainly the upper 200 meters of the water column
(Zehr et al. 2001, Voss et al. 2004, Staal et al. 2007a, Langlois et al. 2008, Zehr et al. 2008,
Moisander et al. 2010, Monteiro et al. 2010).

The high energetic costs associated with the process of N, fixation has led to the general
expectation that diazotrophs will be outcompeted by other microorganisms when nitrate is
available. However, the costs of N, fixation have mainly three origins, which need to be
treated separately in order to understand why diazotrophs are poor competitors in eutrophic
surface ocean areas. There are the costs of daily synthesis and degradation of the nitogenase
enzyme (Sherman et al. 1998, Taniuchi & Ohki 2007, Mohr et al. 2010), there are the direct
costs, in form of ATP and low potential electrons, to fuel the actual N, fixation reaction (eq.
1) and there are the indirect costs due to the removal of oxygen from the cellular interior
during the period of N, fixation.

Nitrogenase is highly sensitive to oxygen and is irreversibly inactivated on contact with
molecular oxygen (Robson & Postgate 1980, Gallon & Hamadi 1984, Fay 1992, Karl et al.
2002). In well oxygenated waters, such as the euphotic zone of oligotrophic oceans,
diazotrophs must overcome the problem of removing dissolved oxygen from the immediate
surroundings of the nitrogenase enzyme, at least during the period of active N, fixation
(Robson & Postgate 1980, Gallon & Hamadi 1984, Fay 1992). For diazotrophic cyanobacteria
not only the oxygen in the surrounding water becomes a problem, but also the oxygen
generated by photosynthesis, since so far all cyanobacteria, with the exception of UCYN-A
carry out oxygen-evolving photosynthesis (Bergman et al. 1997, Berman-Frank et al. 2003,
Zehr et al. 2008, Tripp et al. 2010). Several strategies are employed by cyanobacteria to avoid
oxidative damage during N, fixation and all can be summarized as temporal or spatial
separation of N, fixation and photosynthetic oxygen evolution (Berman-Frank et al. 2001,
Berman-Frank et al. 2003). Heterocystous filamentous cyanobacteria have developed
specialized cells, called heterocysts where N, fixation takes place. These cells lack oxygenic
photosystem Il and have a thick glycolipid layer that decreases diffusion of oxygen into the
cell. They represent the classical example of spatial separation of N, fixation and
photosynthesis in an aerobic environment. Heterocysts rely on reduced carbon compounds
from neighboring cells as energy source and donate amino acids in exchange (Staal et al.
2003, Milligan et al. 2007). The costs for the removal of oxygen in heterocystous
cyanobacteria are represented by the excess energy invested into producing a thick glycolipid

3
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layer to envelop the heterocysts. The unicellular diazotrophic cyanobacteria, which carry out
photosynthesis and N, fixation within the same cell, are at the other end of the spectrum. Most
have developed a strategy of temporal separation, with oxygenic photosynthesis and carbon
fixation during the light period and N, fixation during the dark period when no oxygen
evolution takes place (Mitsui et al. 1986, Sherman et al. 1998, Stoeckel et al. 2008, Toepel et
al. 2008, Mohr et al. 2010, Shi et al. 2010). There are two theories of how unicellular
diazotrophs overcome damage by oxygen: A strategy termed ‘respiratory protection’,
consisting of increased respiration rates during the dark period, insures the removal of
residual intracellular oxygen, thereby providing an anoxic environment for the nitrogenase
enzyme to function properly (Peschek et al. 1991, Bergman et al. 1993). In the diazotrophic
proteobacterium Azotobacter vinelandii an uncoupled cytochrome bd oxidase, that lacks the
proton pumping activity and hence does not participate in energy production is active at
elevated oxygen pressures (Poole & Hill 1997). The alternative route for respiratory electrons
towards a high affinity, low energy conserving oxidase acts like a relief valve during N,
fixation at high oxygen concentrations (Robson & Postgate 1980). In cyanobacteria, genetic
evidence points towards branched respiratory chains, with the possible involvement of
uncoupled terminal oxidases like those in Azotobacter, but so far their activity has not been
observed in vivo (Peschek et al. 1991, Peschek et al. 2004, Hart et al. 2005, Paumann et al.
2005). The second strategy, termed autoprotection, implies that oxygen is permitted to diffuse
into the cell but is removed by reduction through the nitrogenase enzyme itself, therefore
competing with respiration and N, fixation for electrons derived from storage carbohydrates
(Oelze 2000).

Both the respiratory protection and autoprotection mechanisms use electrons to reduce
oxygen, either at the cell membrane or by the enzyme itself. Regardless of which strategy may
be used by unicellular diazotrophic cyanobacteria, they present good model organisms to
monitor the costs of N, fixation, since the electrons used to reduce oxygen to water stem from
reduced carbohydrates, buildup through photosynthesis during the daily light phase and thus
can be monitored by the cellular carbon quota. We conducted laboratory experiments
exposing cultures of C. watsonii WH8501, a unicellular diazotrophic cyanobacterium of
approx. 2.5- 3 um in diameter, to normal (20%) and low (5%) oxygen concentrations,
measuring key physiological parameters over a 24 hour period to establish an energetic
budget of N, fixing cells. Further, we calculated the direct costs of N, fixation and compared
them with the costs of NO3™ assimilation, the major competing nitrogen uptake process in the
marine environment. We used the model organism C. watsonii to differentiate between the
direct costs of N, fixation, arising from the enzymatic reaction and the indirect costs arising
from the combined removal of oxygen from the cellular interior and the repair of the
nitrogenase due to oxidative damage. We found that this differentiation of the costs associated
with N, fixation is crucial when trying to understand how diazotrophs will compete along a
vertical gradient in the ocean, when oxygen concentrations decrease but at the same time the
availability of nitrate increases.

Material and methods

Culturing

All cultures of Crocosphaera watsonii WH8501 (Waterbury & Willey 1988) were grown in
YBCIl Medium (Chen et al. 1996) at 28°C and 150 pmol Photons x m? x s* white
illumination on a 12/12 light/dark cycle. Cultures where maintained in exponential growth
phase and adapted to experimental conditions eight days prior to the experiment. Subculturing

4
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was done in the exponential growth phase and 1/10 of the stock was used as inoculum.
Cultures were held in one liter Schott Duran glass bottles with magnetic stirrers at medium
stirring speed to prevent sedimentation of cells during the experiment and bubbled with sterile
filtered air (referred to as normal oxygen) or with a 94.962 % N, 5% oxygen and 0.038%
CO;, mixture (referred to as low oxygen) (BASI-GASE). Daily cell counts where performed in
a counting chamber (Neubauer improved) under the microscope. For the experiments,
triplicate cultures were incubated under one given experimental condition (low or normal
oxygen) and all parameters were measured every three hours during a 24 hour day cycle (L1,
L2, L3, L4 are 0, 3, 6, and 9 hours after the beginning of the light phase. L5/D1 is the
beginning of the dark phase and D2, D3, D4 and D5 are 3, 6, 9 and 12 hours into the dark
phase, respectively). Linear regression analysis for growth rates of the nitrate experiment was
performed with the statistics package of SigmaPlot (SYSTAT SOFTWARE).

Oxygen measurements

Measurements of oxygen consumption and production where done in triplicates with an
Oxytherm (Hansatech) Clark-type electrode unit with temperature stabilizer. Aliquots of 25
mL culture were centrifuged in a Beckman Avanti J-25 centrifuge at 4000 g for 6 minutes.
The pellet was resuspended in 2.5 mL of fresh YBCII medium. Two mL of this concentrated
culture were placed in the cuvette of the oxygen electrode and the oxygen level was set to the
approximate incubation level by gently bubbling with N, gas or compressed air. After 10
minutes of initial dark adjustment the light was turned on three times at 150 pumol Photons x
m? x s for five minutes with five minute dark intervals in between. Since the oxygen
evolution and consumption rates showed an adaptive feature after switching the light that
lasted for 1-2 minutes, rates for photosynthesis and respiration were calculated from the last
three minutes of the light and dark phases respectively, using the Oxygraph software
(Hansatech) and normalized to cell numbers.

Acetylene reduction measurements

Duplicate 2 ml culture aliquots were pipetted into 8.5 ml glass vials and sealed gas tight with
a crimp cap containing a butyl rubber septum. Two vials containing sterile YBCII medium
served as controls. The vials and medium were flushed with the appropriate gas mixture (5%
or 20% Oxygen) for 60 seconds injected through a syringe needle. A second syringe needle
served to release the pressure from the vial. Next, 650 ul acetylene were added to all vials
with a gastight syringe (HAMILTON). Samples and controls were then incubated for two
hours at the corresponding temperature and light regime on a shaker (Wt 17; BIOMETRA).
After the incubation period 250 ul of headspace gas from each vial were injected into a gas
chromatograph (SHIMADZU GC-14B) equipped with a flame ionization detector. The area
of the ethylene peak was converted to ppm with a calibration curve obtained by injecting 250
ul of 1, 10, 100, and 1000 ppm pure ethylene standards (Capone 1993, Breitbarth et al. 2004).

Particulate Organic Carbon/ Particulate Organic Nitrogen (POC/PON)

Duplicates of 20 ml culture were filtered onto precombusted (12 hours, 450°C) GF/F filters
(WHATMAN). Filters were frozen and stored at -20°C until measurement. Blank filters
served as control. Before measuring the nitrogen and carbon content, filters were placed over
fuming HCI for 8 hours and left to dry overnight at 60°C to remove remaining liquids and
inorganic carbon. Filters were folded, rolled and packed tightly in a tin cup which was then
combusted in a gas chromatograph (Elemental Analyzer, EUROVECTOR).
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2.1 Bioenergetics of N, fixation

Results

Acetylene reduction, nitrogen fixation and growth

The exponential growth rates established by cell counts during the course of the experiment
were 0.28 +/- 0.05 and 0.28 +/- 0.02 for the low and normal oxygen treatments respectively.
Although no differences in growth rates were observed between the low and normal oxygen
treatments, other biochemical pathways showed distinct activity patterns during the diel cycle
as a function of oxygen concentration. In cultures grown under a 12/12 light/dark cycle,
acetylene reduction (AR) activity in C. watsonii began in the early dark phase, peaked around
the middle of the dark phase and returned below the detection limit in the early light phase. At
normal oxygen levels, peak rates of AR were reached six hours after the beginning of the dark
phase (D3) with 2.14 +/- 0.34 fmol C,H, cell* h™. Under low oxygen conditions, peak rates
were slightly but not significantly higher (2.48 +/- 0.46 fmol C,H, cell* h™) but the AR
activity started around three hours earlier (D2) (Fig. 1). When cells grown at low oxygen were
exposed to normal oxygen concentrations at the middle of the night phase (D3) they showed
decreased AR rates, while cells acclimated to normal oxygen but bubbled with low oxygen
immediately prior to AR rate measurements showed no change in their AR rate (Fig.2). This
indicates that the nitrogenase activity is not limited by oxygen availability down to at least 5%
ambient oxygen concentration. On the other hand a short-term increase in oxygen above the
acclimated level led to an inhibition of the nitrogenase activity, possibly via the competition
for electrons with respiration or the direct damage and inactivation of the enzyme from the
contact with oxygen.

Oxygen evolution and consumption

The rates of net oxygen evolution (light phase) and consumption (dark phase) were integrated
over the corresponding 12h period and the results summarized in Table 1. Photosynthetic
oxygen evolution peaked during the light phase and was higher in the normal oxygen
compared to low oxygen treatment (13.1 +/- 2.3 fmol cell* h™ and 10.2 +/- 0.2 fmol cell™* h*
for normal and low oxygen respectively), although the 12 hour integrated photosynthesis rate
and total carbon buildup during the light phase showed no significant differences (Fig. 3,
Table 1). The minimum in oxygen evolution was observed in both treatments in the middle of
the dark phase (1.4 +/- 0.4 fmol cell* h™ and 1.3 +/- 1.6 fmol cell* h™ for normal and low
oxygen respectively) (Fig. 3). The reduced capacity for oxygen evolution in the dark was
paralleled by a decrease in Fv/Fm ratio that reached near zero values during the dark phase
(data not shown). In contrast, the respiration rates peaked around six hours after beginning of
the dark phase (D3) and thus mirrored the AR activity. Under normal oxygen concentrations,
the respiration rate in the dark increased by over a factor of ten compared to background
levels in the light phase (0.8 +/- 1.4 fmol cell* h™ at L3 and 11.3 +/- 0.8 fmol cell* h™ at D3
respectively). The respiration rates during the dark phase were significantly lower in the low
oxygen growth conditions compared to the normal oxygen conditions and only reached peak
values of 4.1 +/- 0.5 fmol cell* h%, although the background respiration rates during the light
phase were comparable to those of the normal oxygen grown cultures (1.3 +/- 0.4 fmol cell™
h™ at L3) (Fig. 3).

Carbon and nitrogen content

The cellular carbon content increased during the light phase at comparable rates in both
normal and low oxygen cultures. During the dark phase a significant decrease of cellular
carbon content could only be measured in the culture grown under normal oxygen conditions,
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where about 30% of the cellular carbon levels at the end of the light phase were consumed
again during the dark phase (Fig. 4A). The cellular nitrogen content increased throughout the
whole dark phase (D1-D5) in the low oxygen treatments, while at normal oxygen
concentrations the cellular nitrogen content only increased between 3 to 9 hours after the
beginning of the dark phase (Fig. 4B). At the end of the dark phase both treatments reached a
cellular nitrogen level of around 150% of the level at the end of the light phase (L5/D1), thus
fixing all nitrogen needed for a cell doubling in two consecutive nights. The molar C:N ratio
in the low oxygen treatment decreased from the peak value of 9.7 +/- 0.7 at D1 to 6 +/- 0.6 at
D5 over the course of the dark phase. In the normal oxygen treatment the decrease in the C:N
ratio was more pronounced, due to the higher respiration and carbon drawdown rate. The
value dropped from 10.5 +/- 0.8 at D1 to 5.1 +/- 0.1 at D5 (Fig. 4C). In both the low and the
normal oxygen treatment, the buildup of carbon during the day matched quite closely with the
photosynthetic oxygen evolution integrated over the light cycle. However, the observed
drawdown of carbon from D1 to D5 did not match the respiration rate integrated over the dark
period. The difference between carbon drawdown and respiratory oxygen consumption had
the same magnitude in both treatments, although the oxygen consumption and the cellular
carbon drawdown differed by a factor of 2.7 and 6.4 between the treatments, respectively
(Table 1). If carbon fixation continued during the dark, this would have masked the
drawdown of storage carbohydrates. One enzyme that performs carbon fixation without
consuming electrons is for example the phosphoenolpyruvate carboxylase (EC 4.1.1.31, Gene
bank accession: ZP_00517310) that produces oxaloacetic acid from phosphoenolpyruvate and
CO, consuming ATP. Oxaloacetic acid is an important precursor of many amino acids, so the
phosphoenolpyruvate carboxylase could be used to produce carbon skeletons for N, fixation
in the dark. The electron imbalance could also arise from compounds in the cell other than
carbon serving as electron donors or by a partial oxidation of carbon compounds without
releasing them from the cell.

Energy utilization during N fixation

The moles of oxygen (O;) consumed per mol of nitrogen (N) fixed were 9.3:1 and 3.2:1 at
normal and low oxygen respectively (Table 1). Using an ATP production of 4.28 mol ATP
per mole of oxygen respired (Raven 2009), the observed oxygen drawdown during the dark
phase can be converted to 40 and 14 mol ATP per mol of nitrogen (N) fixed at normal and
low oxygen, respectively. Table 1 sums up the cellular budget of oxygen, nitrogen and carbon
during the light and dark cycle for low and normal oxygen. According to eg. 1, 8 mol ATP are
needed for the direct reduction of 0.5 mol N, to ammonium, so the nitrogenase enzyme
reaction consumes 20% and 57% of the cellular energy produced in the dark at normal and
low oxygen respectively. If a respiration rate of 1.5 fmol O, cell’* h™ is assumed to meet the
energetic demands of the basal metabolism (~ background respiration at L3), 17.6% and 47%
of the oxygen consumption during the dark phase can be accounted for at normal and low
oxygen, respectively. Therefore, at low oxygen conditions the observed oxygen drawdown
matches the calculated expenses of the cell (104%), whereas about 60% of the observed
oxygen consumption at normal oxygen conditions appears in excess of the combined needs
for N fixation and the basal metabolism. We assumed that the excess respiration represents
the percentage of respiration invested into protection of the nitrogenase enzyme, either in the
form of intracellular oxygen removal or energy necessary to repair the nitrogenase enzyme
after oxidative damage.

Growth on nitrate
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2.1 Bioenergetics of N, fixation

To test the growth rate of Crocosphaera in the presence of nitrate, we grew batch cultures in
YBCII medium amended with 25, 50, 100, 500 and 800 uM nitrate and an unamended
control. There was no effect of nitrate concentration detectable on the growth rate (linear
regression analysis of growth rate versus nitrate concentration, slope not significantly
different from 0, p = 0.6806). Cell numbers increased at the same rate over the course of 14
days in all five treatments and the control. Nitrogenase activity measured by acetylene
reduction did not show a decrease under elevated levels of nitrate at day four after amendment
with nitrate. Growth rates and acetylene reduction rates decrease with time (e.g. day 11 vs day
4), but trends were identical for all of the treatments (Fig. 5). Hence, it seems Crocosphaera
behaves indifferently towards nitrate, and is neither inhibited nor stimulated by its presence in
the culture media. Although nitrate was shown to inhibit the nitrogenase activity in the
filamentous cyanobacteria Anabaena and Trichodesmium (Ramos & Guerrero 1983,
Mulholland et al. 2001) our results are in agreement with recent experiments on the utilization
of nitrate by Crocosphaera, that showed no reduction in the N, fixation activity after
additions of up to 10 uM nitrate (Dekaezemacker & Bonnet 2011).

Costs of N, fixation compared to assimilatory nitrate reduction

The net reaction for N, fixation is

Ny + 8H" + 8Fdeq + 16ATP = 2NH3 + 16ADP +16P; +8Fdox + H, (1)

With Fdeg and Fdox, representing reduced and oxidized ferredoxin, respectively and P,
inorganic phosphate. It has been shown that diazotrophic cyanobacteria can recycle the two
electrons from hydrogen with high efficiency through an uptake hydrogenase that uses
ferredoxin as an electron acceptor (Robson & Postgate 1980, Wilson et al. 2010), reducing
eg. 1 to 3 mol electrons (from reduced ferredoxin) and 8 mol ATP needed to convert half a
mol of N, into one mol of NHs. Assimilatory NO3 reduction requires 8 mol electrons to
reduce NO3™ to NH3 and one mol of ATP to get NOj" into the cell per mol NH3 produced if an
ATP-hydrolyzing NOj transporter is used (Herrero et al. 2001). Taking carbohydrates (e.g.
glucose) as a common currency for both electrons and ATP sources, we can calculate the
electrons and ATP requirements of both N, fixation and assimilatory NO3" reduction in terms
of carbohydrate units. Table 2 summarizes the costs to produce one mol of NH3 using
carbohydrate compounds as energy and electron donors. The calculations are made on the
assumptions that one mole of glucose generates either 36 mol ATP via glycolysis and
oxidative phosphorylation or 24 mol electrons. Some authors suggest a value of 30 mol ATP
per mol glucose respired is reasonable (Raven 2009), others quote 36 mol for mitochondria
and heterotrophic bacteria (Martin & Muller 1998). Figure 6 shows how the carbohydrate
demand for N, fixation and assimilatory nitrate reduction behaves over a range of theoretical
ATP per glucose production rates from 30 to 38 (mol mol™). Under the given conditions, the
amount of energy generated by respiration is crucial in determining which N assimilation
strategy is energetically more favorable, since it represents the converting agent of electrons
into ATP. N, fixation consumes more ATP, assimilatory nitrate reduction more low potential
electrons. The higher the ATP yield per electron, the more favorable will the conditions be
towards N fixation. The costs of N, fixation are on a par with NO3™ assimilation at higher
yields of ATP per mol glucose and could even be considered to show a slight advantage in
terms of lower carbohydrate consumption per mol of NH3 assimilated, depending on the ATP
production per mol of glucose respired (the efficiency of the respiratory energy conversion)
(Figure 6). In phototrophic organisms, the assimilatory reduction of nitrate is mediated by
electrons coming directly from photosynthesis. These electrons on the other hand could be
invested into carbon fixation, if not used for nitrate reduction. Therefore, in theory, it makes
no difference, if the cell reduces CO; to sugar with light energy and later uses the reduced
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carbon compounds to reduce nitrogen, or reduces nitrogen directly with light energy. In
practice however, during every chemical conversion some of the energy is lost in form of
heat. Therefore the indirect reduction of nitrogen via reduced carbohydrates should have a
certain penalty attached. This specifically applies to unicellular phototrophic diazotrophs
fixing N, during the dark period, like C. watsonii. Other cyanobacteria, like the UCYN-A,
capable of fixing N, during the light period, could also directly use electrons from
photosynthetic light reactions (Needoba et al. 2007, Tripp et al. 2010).

Discussion

The fact that diazotrophs need to protect the nitrogenase against high oxygen concentrations is
well-known, consequently diazotrophs should thrive at low oxygen levels (Robson & Postgate
1980, Fay 1992, Staal et al. 2007b, Compaore & Stal 2010). However, deeper layers of the
ocean often hold substantially higher nitrate concentrations, presenting an N source
alternative to N, fixation. Although the direct energetic costs of N, reduction to ammonium
via nitrogenase are explicit and remain constant regardless of the environmental conditions,
the costs associated with oxygen removal in diazotrophic cyanobacteria will vary with the
dissolved oxygen concentration present in their habitat. Our results indicate that oxygen
removal must be by far the largest energy sink in the daily life of a unicellular cyanobacterial
diazotroph inhabiting fully oxygenated surface waters. The electrons from reduced carbon
compounds serve a double function: They are used to reduce N, to ammonium by the
nitrogenase enzyme and they are channeled through the respiratory chain to generate energy
in form of ATP. Thereby oxygen, the final electron acceptor in respiration, gets reduced to
water. However, if the diffusion of oxygen into a C. watsonii cell is in excess of the
respiratory demand, respiration has to increase along with the oxygen concentration of the
environment to prevent oxidative damage of the nitrogenase enzymes thereby creating an
extra sink for electrons from storage carbohydrates. This generates a futile cycle consisting of
an excess synthesis of carbohydrates during the light period needed to provide the reducing
potential during the dark period to remove oxygen and protect nitrogenase. Very low oxygen
concentrations will inhibit N, fixation due to energy limitation (shortage of ATP production),
while high oxygen concentrations necessitate an investment of extra energy into a protective
mechanism. Between the two extremes is a narrow optimum, where oxygen is supplied at a
concentration that meets, but does not exceed, the cellular energy demands thus
circumventing the need to protect the nitrogenase against irreversible oxidative damage. This
optimum will vary with the size and metabolic activity of the organism, with temperature,
salinity and energy supply (i.e. light regime in the case of C. watsonii), since all these
parameters determine either the diffusion of oxygen into the cell or the oxygen demand by
cellular respiration. During our experiment, the oxygen concentration of 5% oxygen (~50
umol L) could be considered close to the optimum for C.watsonii, since 104% of the
observed respiration could be accounted for by energetic needs of basal metabolism or N,
fixation.

Our results obtained with C. watsonii suggest that for diazotrophs inhabiting the oxygenated
surface waters of the ocean the removal of oxygen at night to a level suitable for N, fixation
represents the largest expenditure in the energetic budget of the cells, exceeding the cost of
the enzymatice reduction of N, to ammonium. This extra energy expenditure to generate
intracellular anaerobiosis in an aerobic environment likely contributes to the confinement of
diazotrophs mostly to areas where fixed N compounds are scarce. The niche of surface ocean
diazotrophs is therefore characterized by oligotrophy, or more specifically N-limitation. In
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these regions elevated costs associated with N-acquisition (N, fixation) are not a
disadvantage, simply because there is no competing option available.

We propose here that a second niche possibly exists for unicellular diazotrophs, when N,
fixation reaches its energetic optimum at low oxygen concentrations. When omitting the
additional costs arising from oxygen removal to protect the oxygen-labile nitrogenase,
assimilatory NO;™ reduction and N, fixation come in very close proximity in terms of
energetic investment. Although several assumptions are necessary to calculate the energetic
requirements, our calculations suggest that N, fixation is as effective or slightly more
effective then NOj3™ uptake from a purely bioenergetics point of view, thus making N fixation
a competitive lifestyle strategy even in the presence of high NOjs  concentrations. Hence,
environments with low dissolved oxygen concentrations where diazotrophs do not need to
expand extra energy for the removal of excess oxygen can be considered optimal from the
point of view of N, fixation. The oxycline of an OMZ represents a gradient, where oxygen
concentrations in some case range from fully saturated to zero or close to zero oxygen values.
Along such a gradient, for any given diazotroph, there will be an oxygen concentration where
the diffusion of oxygen into the cell meets the energetic demand of the diazotroph without
creating an additional energy sink. Similar situations can be observed for rhizobia in a nodule
of their host plant, in which the diazotroph will be supplied with just the right amount of
oxygen necessary to meet the energetic demands of the N, fixation reaction (Long 1989).
Unlike the situation for rhizobia, where the energy needed to reduce the oxygen concentration
is supplied by the host plant (i.e. by the synthesis of leghaemoglobins), an OMZ presents a
situation where the oxygen concentration is reduced without any metabolic costs to the
diazotroph or a possible symbiont. In the upper oxycline of the large OMZs, light availability
can overlap with low oxygen and high nitrate concentrations (Figure 7), highlighting possible
areas of where phototrophic diazotrophs could grow competitively. Although these areas that
would favor photosynthetic diazotrophs are currently limited, predicted future shoaling and
expanse of the OMZs (Stramma et al. 2009) may also lead to an increase in this additional
niche for diazotrophs. In addition to the oxycline of OMZs, such environments could develop
at the surface of particles and aggregates where high community respiration rates may prevail
(Paerl et al. 1995).

Furthermore, heterotrophs, living on energy sources low in ammonium compared to carbon
(organic material with high C:N ratio) need extra N-sources to meet their nitrogen demand.
Such organisms could assimilate nitrate or, if the oxygen concentration is lowered to an
optimum level, fix N, despite high nitrate concentrations. We would therefore expect
heterotrophic diazotrophy in oxygen minimum zones to be mostly depend on the C:N ratio of
the energy supply, rather than on the DIN:DIP (dissolved inorganic nitrogen, dissolved
inorganic phosphorous) ratio, like the diazotrophy of the surface oceans (Deutsch et al. 2007).
The C:N ratio of phytoplankton primary production has been shown to increase with
increasing atmospheric CO, concentrations (Riebesell et al. 2007). Increased carbon export
and decreased oxygen concentrations (Oschlies et al. 2008) could trigger an increase in
heterotrophic N, fixation in the oxygen minimum zones of the future.
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Table and Figure legends

5% Oxygen 20% Oxygen
Electron equivalents Electron equivalents

fmol x 12h™* x cell* (fmol) fmol x 12h™ x cell* (fmol)
Nett photqsynthe&s 08 392 102 408
(O2 evolution)
Cellular carbon
buildup (C) 96 -384 105 -420
Sum 8 -12
Respiration
(O2 drawdown) -38 -152 -102 -408
Nitrogen fixation (N
buildup) 12 -36 11 -33
Cellular carbon
breakdown (C) -12 48 =77 308
Sum -140 -133

Table 1: Cellular budget of electron sources and sinks during the light (upper, white area) and
the dark cycle (lower, gray area). Oxygen and carbon are converted into electrons 4:1,
nitrogen is converted 3:1.

14

37




O oo NOULL A~ WN

A PEAE DWW WWWWWWWWNNNNNNNNNNRRRRRRRRR R
NP OUOVONOOTULE,WNEFRPOOOONOUEAE WNRERPOOOONOULPEEWNEO

2 RESULTS

> Ny NO3
mol electrons 3 8
Converted to mol <CH,0O> 0.75 2.00
mol ATP 8 1
Converted to mol <CH,0O> 1.33 0.17
mol <CH,O> per NH;* produced 2.08 2.17

Table 2: Costs of electrons and ATP needed to produce one mol of NH3 and the conversion
into carbohydrate units. It is assumed that 4 mol electrons or 6 ATP can be generated out of
one mol of carbohydrates (<CH,0>, 1/6 mol of glucose).

Figure 1: Cellular acetylene reduction (AR) activity over a period of 24 hours with cell
numbers as an inlay (y-axis: cells x mL™, x-axis: days). White squares and solid line, normal
(20%) oxygen cultures. Black triangles and dashed line, low (5%) oxygen cultures. Error bars
denote standard deviations of triplicate cultures. Cultures where diluted with fresh medium on
day six and the day cycle measurements were performed on day eight.

Figure 2: Acetylene reduction by cultures of Crocosphaera watsonii grown under 5% oxygen
(left) and 20% oxygen (right). Black bars represent acetylene reduction measurements made
under 5% oxygen atmosphere, white bars represent measurements made under 20% oxygen
atmosphere. Error bars denote standard deviation of triplicate cultures.

Figure 3: Photosynthesis and oxygen consumption. Squares: Normal (20%) oxygen culture.
Triangles: Low (5%) oxygen culture. Filled symbols represent oxygen consumption in the
dark, white symbols represent net oxygen evolution in the light (photosynthesis). L1-L5 light
phase, D1-D5 dark phase. Error bars denote standard deviations of triplicate cultures.

Figure 4: Development of carbon (A), nitrogen (B) content in fmol per cell and the C:N ratio
(C) over the course of a 24 hour cycle. White squares and solid line, normal oxygen treatment.
Filled triangles and dashed line, low oxygen treatment. L1-L5 light phase, D1-D5 dark phase.
Error bars denote standard deviations of triplicate cultures.

Figure 5 (A): Cell numbers (logarithmic scale) of Crocosphaera watsonii grown under
different nitrate concentrations for two weeks. (B): Acetylene reduction assays were
performed on day 4 (filled circles) and day 11 (open squares). Shown are duplicate
measurements of acetylene reduction.

Figure 6: Theoretical costs of ammonia assimilation in carbohydrate units (<CH,0>) (mol
mol™) for different efficiencies of respiratory glucose oxidation. Solid line: N, fixation.
Dashed line: Assimilatory nitrate uptake.

Figure 7: Average light intensity at the depth of 25% oxygen saturation in pmol photons m? s°
! Note that 25% oxygen concentration correspond to water equilibrated to a 5% oxygen
containing atmosphere. Euphotic zone depth was derived from aquaMODIS satellite data of
2009 (http://oceancolor.gsfc.nasa.gov/) using the algorithm by Morel (Morel et al. 2007).
Oxygen concentrations were taken from the World Ocean Atlas 2009 (Garcia 2010).
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Figure 2.TIF

1.8
1.6 - —‘7
1.4 -

1.2 1
1.0 -
0.8 1
0.6 1

0.4 1
0.2

nmol acetylene ml" h’

0.0 T T
5% grown 20% grown

40



2.1 Bioenergetics of N, fixation

-1

1xh

fmol x cell

- A a a
(0))

O N bh O 00 O N b

Figure 3.TIF

L1

L2 L3 L4L5/D1D2 D3 D4 D5

41



2 RESULTS

42

fmol C cell-1

C:N ratio

Figure 4.TIF

300
280
260 H
240 -
220
200 H
180 1
160 -
140 -
120 -
100 -

80

L1 L2 L3 L4L5D1D2 D3 D4 D5

fmol N cell-1

40

35

30 A

25

20 A

I I
L1 L2 L3 L4L5/D1D2 D3 D4 D5



2.1 Bioenergetics of N, fixation

Figure 5.TIF

1e+8
A
e
— let7 - a
: 2 =
" - ® OuM
O 1et6 A v 50uM
A 100 pM
m 500 uM
O 800 uM
1e+5 .
0O 2 4 6 8 10 12 14 16
Days
s * B
- 3002 : ] Y
c
—  2.00 A
3 1.00
(V]
T 0.20 (g
N O
O 015 O
o) O O
£ 010
0.05
0.00 : : : .
0 200 400 600 800 1000

MM NO3™ ammended

43



2 RESULTS

Figure 6.TIF

24

'©
I
Z

©

e

A

@)

S
I
@)

v

©

-

1.9 ' ' '
30 32 34 36

mol ATP mol glucose'1

44

38



2.1 Bioenergetics of N, fixation

pumol photons m?2 s

45






2.2 The Peruvian upwelling system






2.2 The Peruvian upwelling system

High coastal productivity drives Southern Peruvian upwelling system into N
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Summary

The continental shelf of Peru is one of the most productive ecosystems in the world.
Wind driven upwelling supplies cold, nutrient rich water to the surface throughout
the year, giving rise to high phytoplankton biomass. In contrast, the waters further
offshore show HNLC (high nutrient low chlorophyll) characteristics, i.e. high
concentration of nitrate and phosphate detectable in surface waters but low
chlorophyll a concentrations. Here we present data on the distribution of
picophytoplankton and bacterial cells collected during two research cruises from
December 2008 to February 2009. In combination with FRR flurometry, nutrient
addition experiments (bioassays) and CO, flux measurements we differentiate the
Peruvian upwelling system into two biogeochemically distinct areas: The northern
part of the system (0° - 12°S) showed incomplete N drawdown and a slight Si
limitation of phytoplankton chlorophyll a in nutrient addition experiments. Iron
and phosphate showed no response in chlorophyll a concentrations when added to
incubations. High numbers of the picocyanobacteria Synechococcus and
Prochlorococcus in surface waters and a cyclic pattern of the variable fluorescence
of chlorophyll (Fv/Fm) over the day were observed by FRR flurometry, with dusk
and dawn maxima and night time minima. In contrast, the southern part of the
system (12°S -18°S) showed a complete drawdown of surface nitrate with still
substantial phosphate concentrations (~ 0.5 uM). The Fv/Fm parameter was
around 0.3 in offshore water, but did not show the pronounced cyclicity observed
in the northern part of the system. In a nutrient addition experiment at 17.45° S, N
amendment triggered a 4.7-fold increase in chlorophyll concentrations and a 3-fold
increase in carbon fixation rates compared to non N-ammended tretaments. The
Fv/Fm parameter recovered from 0.34 (s.d. = 0.04) in treatments without N-
addition to 0.41 (s.d. = 0.03) in treatments with added N. Taken together, our data
suggest that the strong upwelling in the area around Pisco (14° S) leads to a
maximum in productivity, accompanied by elevated concentrations of P* in the
underlying oxygen minimum zone, which drives the southern part of the system
into N-limitation at the surface. In both the northern and southern region the
respective growth limitations on phytoplankton prevent the complete uptake of

CO; that has accumulated in the upwelling source water through hundreds of
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years of remineralisation, thereby making the whole system a strong source of CO;

to the atmosphere.

Introduction

The Pacific Ocean marks the end of the global conveyor belt, the ventilation route of
deep water, therefore its deep water is enriched with N and P compared to the Atlantic
Ocean from hundreds of years of accumulated remineralisation. Due to the mainly
oxidative remineralization of organic matter and the lack of gas exchange with the
atmosphere, the oxygen content of Pacific deep water is at any given point below the
saturation concentration. The depletion of oxygen intensifies towards the east, where the
productive upwelling regions of the Tropical and subtropical North and South Pacific
generate extended oxygen minimum zones (OMZs) in the underlying water masses
(Wyrtki 1962, Karstensen et al. 2008, Paulmier & Ruiz-Pino 2009). The Peruvian
upwelling system is one of the most productive ecosystems in the world (Chavez &
Messie 2009). The Peruvian coast alone supports a fishery of Anchovetta (Engraulis
ringens) of up to 10 tons per year (0.01 pg yr') (Montecino & Lange 2009). This
incredible biomass of fish is sustained by a year round wind-driven upwelling that
brings fresh, nutrient replete waters from the subsurface into the sunlit layers of the
euphotic zone.

South-easterly Trade winds blowing parallel to the coast result in a westwards
displacement of surface water, thereby creating a void that is filled with cold, nutrient
rich subsurface water. Once the sun’s energy penetrates the water, the combination of
dissolved inorganic nitrogen (DIN (N), NOs, NO,, NH;"), dissolved inorganic
phosphorus (DIP (P), mainly PO,>), silicate (Si) and a handful of micronutrients such as
iron (Fe) and molybdenum (Mo) create a fertile habitat for photosynthetic primary
producers. Exponential growth of phytoplankton leads to depletion of surface nutrients,
while grazing and viral lysis contribute to the continuous demise of the phytoplankton
standing stock. Nutrients can get recycled by bacterial remineralisation of dissolved and
particulate organic matter (DOM and POM, respectively) and re-enter the food chain at
the phytoplankton level. However, a fraction of the nutrients ends up as export
production, therefore, at some point in time the phytoplankton community will run out
of an essential nutrient and primary production is haltered, if no additional supply of
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nutrients is given.

In the Peruvian upwelling system, the phytoplankton standing stock is highest at
the coast between 5°S and 15°S (Carr & Kearns 2003). Further offshore from the up to
150 km wide Peruvian shelf, chlorophyll concentration drops rapidly, while the
macronutrients N and P are still available in surface waters. This situation is termed
HNLC (high nutrients low chlorophyll) and has attracted researchers to investigate the
factor that limits phytoplankton productivity in such regions. For the Peruvian
upwelling system there have been reports about iron limitation (Hutchins et al. 2002),
silicate limitation (Dugdale et al. 1995) and top down control of phytoplankton by
grazing pressure matching the exponential growth rate of phytoplankton (Walsh 1976)
leading to HNLC conditions.

Material and methods

From December 2008 to February 2009 two cruises, M77 leg 3 and 4, of the RV
METEOR were conducted to the Peruvian upwelling system. In addition to routine
CTD stations along the cruise transect, two transects along 10°S and 16°S were sampled
at high resolution. Three nutrient addition experiments (bioassays) were performed at
10° S (082°W), 12°S (082°W) and 17.75° S (073°W) (Fig. 1).

Nutrients, oxygen

Nutrient samples for nitrate, nitrite, silicate and phosphate were taken from a CTD-
rosette and frozen at -20°C for later analysis in the lab. Nutrient concentrations were
measured according to (Grasshof et al. 1999). Oxygen was continuously measured with
an oxygen electrode on the CTD rosette and calibrated with Winkler titrations from

niskin bottles across all depths at several stations.

Fast repetition rate flurometry

Unfiltered seawater from the ships underway system was pumped with a constant flow
rate through the flow through cuvette of a fast repetition rate flurometer (FRRf). Once
every minute the instrument recorded a measurement to determine the dark adapted (FO)
and maximum fluorescence (Fm) of photosystem I (PSII) after saturation with a series
of sub microsecond excitation flashlets as described in Kolber et al. (Kolber et al.
1998). The difference in maximum and dark adapted fluorescence is called variable
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fluorescence (Fm - FO = Fv) and if normalized to Fm gives the maximal photochemical

efficiency of PSII.

Flow cytometry

Samples for flow cytometry were taken from niskin bottles from surface to 400 m depth
or from incubation bottles at the end of an experiment. At each depth 1.9 mL seawater
were filled in a cryotube and 0.1 mL 20% glutaraldehyde were added, to give a final
concentration of 1% glutaraldehyde (vol/vol). After mixing, samples were left for 8 -12
hours at 4°C for fixation and were frozen at -80°C until measurement. A FACS calibur
flow cytometer with 488 nm blue laser excitation light and detectors for forward scatter,
side scatter, 530 nm (green) fluorescence, 570 nm (orange) fluorescence and 670 nm
(red) fluorescence was used to quantify bacteria and picophytoplankton. The flow rate
was calibrated by using TZrucount calibration beads (BD Biosciences) and cell counts
were calculated per milliliter according to the measured volume. After thawing,
unstained samples were filtered through a 50 um syringe filter and measured at low
flow speed (~11 pL min™) for 10 minutes or until 50000 events were recorded.
Prochlorococcus and Synechococcus were differentiated from picoeukaryotes due to
their lower forward scatter and red fluorescence signal (Marie et al. 1997, Cavender-
Bares et al. 2001). We did not make the subdivision into a nano- and ultraphytoplankton
cluster, as described elsewhere, since these two clusters were often overlapping and
hence did not allow a clear separation. Our picoeukaryote cluster is the sum of these two
clusters (Cavender-Bares et al. 2001). The orange fluorescence only observed for
phycoerythrin-containing cyanobacteria such as Synechococcus was used to
differenciate the picocyanobacteria into Prochlorococcus and Synechococcus. Next, the
remaining sample was stained with sybrgreen, a stain for nucleic acids. After 20
minutes staining at 4°C samples were measured for 3 minutes at low speed or until
50000 events were recorded. The staining protocol allowed the quantification of high
nucleic acid (HNA) and low nucleic acid (LNA) containing bacteria (Marie et al. 1997,
Cavender-Bares et al. 2001, Mary et al. 2006). Chlorophyll containing bacteria were
electronically substracted (gated). The total number of non-green bacteria is
HNA+LNA.

53



2 RESULTS

Chlorophyll

For chlorophyll a determination, 250 mL seawater were filtered on a GF/F filter with a
vacuum of less than -200 mbar. The filters were placed in plastic tubes with 1 mL pure
acetone and frozen at -20°C over 24 hours. Next, 9 mL H2Ogeion Was added to the
samples and mixed. For another three days, samples were stored at -20°C until the
fluorescence of 5mL of the extract were measured in a Turner AU-10 flurometer . A

spinach extracted chlorophyll solution (Sigma-Aldrich) was used as standard.

POC, PON and Carbon fixation

For carbon fixation measurements, 4.5 L of surface water were incubated in
polycarbonate bottles in on-deck incubators, cooled with surface water flow through and
shaded by one layer of blue lagoon light foil. Bottles were amended with 2 mL sodium
B3C-bicarbonate solution (0.24 M) at the beginning of the experiment. After 24 hours 1-
3 L of water were filtered onto precombusted GF/F filters. Filters were oven dried at
50°C for 24 hours and stored in a desiccator until measurement. Samples for natural
abundance of *3C in particulate organic carbon (POC) were taken and used as blank for
the enrichment of **C due to label uptake. For analysis, filters were fumed overnight
with 37% HCI and dried for 2 hours at 60°C. Next, samples were analyzed for
particulate organic carbon (POC) and nitrogen (PON) and isotopic composition using a
CHN analyzer coupled to an isotope ratio monitoring mass spectrometer. Rates of
primary production were calculated according to the relative enrichment of the *C
isotope in biomass, like described elsewhere (Fernandez et al. 2009).

Nutrient addition experiments (Bioassays)

Trace-metal clean techniques were used throughout the whole bioassay experiments.
Seawater for the experiments was collected by towing a trace metal clean seawater
sampler at cruising speed at approximately 2 meters water depth. The seawater was
directly channeled into the trace metal free laboratory, where a 200 L acid cleaned
polycarbonate container was filled to about 60L before the onset of sampling, to
guarantee sufficient homogeneity between the samples. From the container, 4.5 L of
seawater were filled into polycarbonate bottles. The nutrients N (1 uM NH4NO3), P (0.2
UM NaH,PO,), Fe (2 nM FeCls) or Si (2 uM Na,SiO3) were added as simple additions
or in combinations, to triplicate bottles. In total nine control bottles were filled without
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added nutrients, three of which were filtered right away for POC/PON and chlorophyll
concentration, three others after 24 hours and the remaining three at the end of the
experiment after 48 hours. All bottles were filled with seawater to the top and capped
bubble free. Next, bottles were placed in on deck incubators covered with one layer of
blue lagoon light foil, simulating a 15 m water column. The temperature in the
incubators was kept stable by flushing the incubators with surface seawater. After 24
hours 1 mL of **C labeled bicarbonate solution (1g NaH**CO3 50 mL™ H,Ogeion, Sigma-
Aldrich) was added to each bottle in the clean lab. Bottles were incubated for another

24 hour period until filtration for POC/PON and chlorophyll measurements.

CO, fluxes

Measurements of pCO, were performed like described in (Friederich et al. 2008). Sea to
air fluxes for CO, were calculated using salinity, temperature and wind strength data
from the ships logging system according to the equations of Wanninkhof (Wanninkhof
1992).
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Results

Temperature and Nutrients

The measured sea surface temperature (SST) during our cruise from December 2008 to
February 2009 ranged from 14.2° C in the core of the upwelling at 13.5°S to 26.9° C at
around 5°S, 85°W, 400 km offshore . Not surprisingly N, P and Si show a negative
correlation with SST, due to the uptake of these nutrient elements by phytoplankton and
the subsequent export out of the euphotic zone. The best fit was achieved for P, since
the supply of P to surface waters is directly linked to upwelling strength. N on the other
hand is lost in the core of the upwelling, at around 12-15°S. This is reflected in the
growing P* values (P*= [PO,>] -[NO3/16) (Deutsch et al. 2007) towards the south in
the neutral density layer y" = 26.3 kg m™ , which represents the lower end of the upper
oxycline (Fig.2). Accordingly, the N/P value in the surface drops from ~12 in the north
towards very low values in the south of the study region due to complete N depletion

with still elevated P concentrations (~0.5 uM) due to upwelling of water with high P*.

Flow cytometry

The upwelling area showed a marked gradient in phytoplankton composition from west
to east. The warmer offshore water was dominated by Prochlorococcus in surface,
while Synechococcus was situated between the coastal, diatom dominated high
productivity area (Franz e. al, submitted) and the HNLC type offshore waters (Fig.3). In
the water column Synechococcus and picoeukaryotes inhabited the surface water down
to 50 meters. Picoeukaryotes were mainly found on the shelf, except for in the middle of
the 10° S transect, were up to 10° cells mL™ were detected in the surface (Fig. 3). The
highest abundance of both Synechococcus and picoeukaryotes was detected at 6° S on
the shelf, with 1.57 x 10° picoeukaryote cells mL™ and 4.4 x 10° Synechococcus cells
mL™ (Fig 3). Synechococcus was the only phytoplankter present in each surface sample
measured with flow cytometry and the most abundant one in the top 10 meters, with
average cell numbers of 1.45 x 10° cells mL™ (range: 2 x 10* - 4.4 x 10° cells mL™).
Extrapolated over an area of 1.75 x 10° km2 (070°- 086° W, 0° - 18° S) there were 2.5 X
10?* Synechococcus cells in the top 10 meters of the Peruvian upwelling system present
at the time of the survey. Prochlorococcus showed highest abundance in the warm
surface waters to the northwest, peaking with 1.34 x 10° cells mL™ at 084° W at the
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west end of the 10°S transect. On the shelf Prochlorococcus cell numbers were very
low and often undetectable in surface waters. A deep population of Prochlorococcus
cells was found on the offshore end of the 10°S transect, with maximum numbers of
1.36 x 10° cells mL™ at 80 meters depth at 10°S, 082°30° W (Fig. 4). This peak in deep
Prochlorococcus coincided with an unexpected shoaling of the pycnocline, apparently
not connected to the coastal upwelling (Fig.2). Closer towards the shelf the cell
densities were lower and the subsurface peak of Prochlorococcus situated at shallower
depths, roughly following the upper oxycline of the OMZ (Fig.4). This deep chlorophyll
peak could be observed at the ends of the 10°S and 12°S transect via CTD fluorescence
measurements (data not shown) and was situated right above the secondary nitrite peak
within the OMZ (Fig.5). Throughout the 16°S transect a deep population of
Prochlorococcus was present, but at much lower numbers than in the 10°S transect. In
the middle of the southern transect, high Prochlorococcus numbers at around 20 - 40
meters depth extended from 075-077° W (Fig.6).

The number of non-green bacterial cells as established by flow cytometry was
high throughout the whole surface (Fig.3). A general trend in bacterial numbers was
high at the coast and decreasing towards the open ocean, but the variance was much
lower than for other phytoplankton groups or environmental variables like carbon
fixation. The range was below one order of magnitude, from 6.5 x 10° cells mL™ at the
south west end of the survey to 4.7 x 10° cells mL™ in the coastal upwelling area at
10°S. The mean number of bacteria in surface was 1.98 x 10° cells mL™ (st.dev. = 10°
cells mL™). Along 10° S and 16° S the bacterial abundance was measured over a depth
range from surface to 400 m and 200 m, respectively. The 10°S transect showed high
numbers of bacteria in surface. Low nucleic acid containing (LNA) and high nucleic
acid containing bacteria (HNA) equally contributed to the surface population. A
minimum in bacterial abundance was observed at around 100 meters depth, while a
secondary bacterial maximum with peak numbers around 10° cells mL was observed in
the oxygen minimum zone at 300 meters depth. This deep peak had similar abundance
of LNA and HNA bacteria, while a subsurface maximum on the shelf at 100 -150
meters depth was mainly composed by HNA bacteria (Fig.7). The peak on the shelf
coincided with an accumulation of nitrite and a decrease in nitrate concentrations (data
not shown). At 16°S the numbers of HNA and LNA bacteria were again equal in the top
50 meters. Two peaks of bacteria dominated by HNA bacteria were observed at 100 -
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200 meters depth, one on the shelf slope at 74.2 °W, the other one at 76.3° W in the
middle of the transect (Fig.8). Both peaks showed elevated nitrite concentrations and it
seems likely that the Peru-Chile or Poleward undercurrent (PCU) that flows from north
to south along the shelf around 100-300 meters depth (Penven et al. 2005, Czeschel et
al. 2011) carries this signal of HNA bacteria out into the middle of the 16°S transect,
while the peak of high nitrite and HNA bacteria at the coast is produced by high
productivity on the shelf.

FRR flurometry, primary productivity and Bioassays

The variable fluorescence emitted by chlorophyll a compared to the maximum
fluorescence (Fv/Fm) is often used as a fitness parameter to infer the nutrient status of
the phytoplankton community (Kolber et al. 1998). Nutrient replete phytoplankton
cultures show a maximum Fv/Fm value of ~0.65 (Kolber et al. 1994), however there is
considerable difference between phytoplankton groups that originates from their unique
physiology (Suggett et al. 2009). Cyanobacteria for example show fluorescence of their
phycobilisomes that contributes to the dark adapted fluorescence (FO) but is not affected
by the redox state of PSII and hence the Fv/Fm parameter of cyanobacteria in culture is
generally lower than that of other phytoplankton (Schreiber et al. 1995, Campbell et al.
1998, Suggett et al. 2009). In an environmental or mixed culture setting the Fv/Fm
value therefore holds integrated information about the species composition and the
individual species “fitness” of a given watermass (Suggett et al. 2009). High Fv/Fm
values up to 0.57 were measured all along the coast, indicating a fast growing, nutrient
replete phytoplankton community. Further offshore the values decreased with
increasing temperature (Fig.9). Between 10°S and 12°S (80° W -84°W) the Fv/Fm
parameter showed the lowest values observed (~0.15) during our cruise and a strong
daily signal with peaks at sunrise and sunset, a low plateau during daytime and lowest
values during the night (Fig.9). The appearance of low overall Fv/Fm values, together
with nighttime depression and peaking values at sunrise and sunset has previously been
characterized as flurometric fingerprint of the iron limited HNLC Equatorial Pacific
upwelling (Behrenfeld & Kolber 1999, Behrenfeld et al. 2006). However two nutrient
addition experiments at 082°W on the 10°S and 12°S transect showed no increase in
chlorophyll a or carbon fixation rates in response to the addition of 2 nM iron over a
period of 48 hours. Only the addition of Si resulted in an increase in carbon fixation and
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total chl a values at the 12° S assay. Both at 10°S and 12°S the combined addition of N,
P, Fe and Si showed a significant increase in chlorophyll a and carbon fixation
compared to the unammended control over a period of 48 hours. However, the effect
was only small and phytoplankton biomass was increasing in all bottles over time. A
clear N limitation was observed in the third nutrient addition experiment at 17.8° S
73°W (Fig.10). Here, all bottles without added N showed high C/N values (mean = 8.3
mol mol™, s.d = 0.5), low carbon specific growth rates (mean = 0.1 mol mol™ d*?, s.d. =
0.02) and low chlorophyll a values (mean = 0.3 pg L™, s.d.= 0.1). When N was added to
the bottles, the C/N values were closer to the redfield value of 6.7 (mean = 6.4 mol mol
! s.d. = 0.4) and carbon specific growth rates and chlorophyll a values increased by a
factor of 3 and 4.7 compared to non N added treatments, respectively (C specific growth
rate = 0.29 mol mol™® d*, s.d. = 0.02, chla = 1.4 pg L?, s.d. = 0.2) (Fig.11). The
decrease in growth rates and increase in C:N ratios in the treatments without N added
indicate carbon overproduction by N limited phytoplankton.

The net primary production was very high on the shelf, especially in the area
around pisco, where the highest carbon fixation rate of 413 mg C d* m™ at 13.5° S
076.75° W was measured. Two stations nearby were showing second and third highest
carbon fixation rates measured during the cruise (274 mg C d™ m™ at 12.35° S and 224
mg C d* m™ at 13.75° S, respectively). The stations on the shelf at 6°S, 10°S and 17°S
showed higher carbon fixation rates than offshore stations, but considerably lower rates
than the shelf between Lima and Pisco (177 mg C d* m™, 172 mg C d* m™ and 108 mg
C d™* m?, respectively). All seven stations within the upwelling area (water below 21°C)
had a mean carbon fixation rate of 176 mg C d™* m™ (std. dev. = 143 mg C d™* m™). The
remaining stations can be considered offshore stations with a mean in carbon fixation of
46 mg C d* m (std. dev. 48 mg C d* m™®) (Table 1). The lowest value in carbon
fixation was measured at the southernmost station (17.83° S 073° W) with 12 mg C d*
m™ (Fig.12).

CO;

The mean CO; value measured three meters below the surface during the METEOR 77
cruise leg 3 was 497 patm, the minimum 253 patm and the maximum 1419 patm (n =
33276). Only 9% of the measurements fell below the atmospheric value (384 patm).
The CO, concentration in surface water showed a cubic fit with SST (equation 1, r =
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0.805, n = 33276) (Fig.13).

CO, =18328.5 - 2274.1 x SST +95.9 x SST?-1.342 x SST*
(1)

Surface water with a temperature below 21°C showed clear signatures of upwelled
water. The CO; values were highest right in the cold, upwelled water, decreasing with
warming and increasing residence time of the watermass at the surface. Water with
temperatures above 22°C showed a signature that resembled water of oceanic origin or
from the equatorial upwelling. This is apparent both in the species composition of
phytoplankton as detected with flow cytometry and the flurometric (FRRf) signal. The
warmer, offshore water shows higher abundance in LNA than HNA bacteria and higher
Prochlorococcus cell numbers, while the upwelling water colder than 21°C has higher
total bacterial cell numbers and the community is dominated by HNA bacteria (Table
1). The CO; content of water above 21°C was on average 444 patm (std. dev. = 37
patm, n = 17246). A further increase of surface temperature in these waters lead to a
slight increase in CO,, rather than a decrease, although CO; in the water was still above
atmospheric concentrations, hence still outgassing to the atmosphere. An equilibration
of ocean and atmosphere was not observed during our cruise, despite some local patches
that showed extreme CO, drawdown below atmospheric values, due to high biological
activity. The wind speed measured by an onboard anemometer was used to calculate the
flux of CO, from sea to atmosphere (Wanninkhof 1992). The calculated flux of CO,
ranged from -8.4 mol C m? yr* to 119 mol C m™ yr, with an average of 4.3 mol C m™
yr! (std. dev. = 7.5 mol C m? yr'). The highest variability of the CO, flux was
observed in the area of strongest upwelling around Pisco, where highest fluxes from
ocean to atmosphere and from atmosphere to ocean were observed in close proximity
(Fig. 13).

Discussion

The Peruvian upwelling system is a highly dynamic system that is mainly characterized
by coastal upwelling and the subsequent heating of the water with associated decrease
in nutrient and CO, concentrations. The surface water temperature shows an increasing

trend with the time since its first contact with the atmosphere. Friedrich et al. measured
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a SST warming of 0.11° C per day with a drifter released in the core of the Peruvian
upwelling (Friederich et al. 2008). Unequal upwelling strength along the coast and eddy
formations that can export coastal waters at different speeds towards the open ocean
creates patchiness in the system. A good example is the occurrence of high numbers of
picoeukaryotes in the middle of the 10°S transect (Figs. 3, 4), that were associated with
a cold water tongue that extended from around 6- 8°S southwestwards and can be seen
on satellite images of SST and chlorophyll. Nevertheless, two coarse environmental
zones could be distinguished according to the limitation of phytoplankton growth: The
northern Peruvian upwelling, with HNLC characteristics and the southern Peruvian
upwelling, with a clear N limitation in surface waters.

In the northern part of the Peruvian upwelling (0°-12°S) the surface water had
lower primary productivity rates on the shelf compared to the southern part. Further
offshore low chlorophyll a and Fv/Fm values and high concentrations of N and P were
observed, while primary productivity was low. The water that gets upwelled at the coast
is already low in Si compared to N and the coastal diatom blooms efficiently export the
remaining Si to the sediments. The phytoplankton community was dominated by the
picocyanobacteria Prochlorococcus and Synechococcus. High total bacterial numbers
throughout the whole area suggest that most of the primary production was recycled via
the microbial loop. The northern Peru upwelling system was previously found to be iron
limited (Hutchins et al. 2002, Bruland et al. 2005, DiTullio et al. 2005). The Fv/Fm
values along the 10°S and 12°S transect showed a cyclic behavior that would also
suggest iron limitation. Nevertheless, the addition of iron had no effect on the
phytoplankton community in experiments performed over 48 hours. Rather, the two
bioassays at 10° and 12°S showed a slight N and Si limitation, respectively. However,
the increase in chlorophyll and primary productivity that was observed was much less
pronounced than at the southernmost bioassay. The most likely scenario for the northern
Peruvian upwelling system is the following: The combinations of Si limitation with
high bacterial abundance and a phytoplankton community dominated by
picocyanobacteria leads to a low export of organic matter and a nearly complete
recycling of nutrients in the surface. The high CO, concentration that the water carries
as a signature of its recent upwelling is not exported to deeper waters. High bacterial
abundance throughout the mixed layer further increases the CO, concentration. The
result is a constant flux of CO, from sea to air at moderate rates.
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On the shelf, between 12° and 14°S the highest productivity was observed. This
region around Pisco represents a transition zone between the northern part of the
Peruvian upwelling and the southern, N limited one. The increased wind curl stress in
this area creates Ekman pumping that is responsible for a shoaling of the thermocline
(Albert et al. 2010). The upper edge of the oxygen minimum zone is elevated towards
shallower depth and the coastal upwelling is fueled by water that is higher enriched with
nutrients compared to the more northerly parts. This in term leads to an even further
increase in productivity, high export fluxes and increased consumption of oxygen in the
subsurface water. After the complete consumption of oxygen, N loss processes
dominate, observable in an increase in P* (which in part can also arise from P leaching
from the sediments). The increased N loss leads to a considerably lower N:P ratio and
once the water gets upwelled and the nutrients available for phytoplankton, the primary
productivity gets limited by the cession of N before all other nutrients. The southern
part of the Peruvian upwelling is hence N limited and is characterized by high
POC:PON ratios and Fv/Fm values around 0.3, that do not show the pronounced
cyclicity like observed at 10°S. Like in the northern part, the net flux of CO, is from sea
to air, since there is not enough N left in the surface water for phytoplankton to take up

all the respiratory CO..
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Figure 1: Overview of the Peruvian upwelling system. Sampled CTD stations during the
Meteor cruises M77/3 (black circles) and M77/4 (blue circles) as well as the three
bioassays conducted at 10°S (BALl), 12°S (BA2) and 17.8° S (BA3) are shown.
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Figure 2: Depth of the neutral density layer y" = 26.3 kg m™ (left panel) and distribution
of P* along that density layer (right panel). Observe the pronounced shoaling of the
density layer off Pisco, with highest P* values associated.
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Figure 4: Distribution of the picocyanobacteria Prochlorococcus (upper panel) and

Synechococcus (middle panel) and picoeukaryotes (lower panel) along the 10°S transect

from surface to 200 meters. Note the logarithmic scale, which is the same for all groups.
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(LNA, middle panel) and high nucleic acid containing (HNA, lower panel) bacteria
along the 10°S transect from surface to 400 meters.
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cruise. The inlay in the upper right corner shows the correlation between Fv/Fm and the
surface water temperature (r?2 = 0.46). The triangles on the map mark the start (triangle
up) and the end (tiangle down) of the strong cyclic pattern observed in the Fv/Fm
parameter(black dots), displayed in the lower panel along with UV irradiance (grey
dots), with days (2009) on the x-axis.
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Figure 10: Response of the chlorophyll a concentration (black bars) and carbon fixation
(grey bars) to nutrient amendments of 0.2 uM phosphate (P), 1 M ammoniumnitrate
(N), 1 puM silicate (Si), 2 nM iron (Fe) and combined treatments. Highlighted
chlorophyll concentrations are significantly different from the 48 h treatment at the p <
0.05 (*) and p < 0.001 (**) level. Upper panel, bioassay 1 (BA 1, 10°S 082°W), middle
panel, bioassay 2 (BA 2, 12°S 082°W), lower panel, bioassay 3 (BA 3, 17.45°S
073°W).
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Figure 11: Left panel: An increase in C:N ratio was observed with decreasing carbon
specific carbon fixation. The effect was especially pronounced in all treatments of
bioassay 3 without added N (indicated by red dashed circle). Right panel: Carbon
fixation versus chlorophyll content. Note the good linear correlation between the two
parameters, despite different nutrient amendments. Bioassay 1, white circles, bioassay

2, grey circles, bioassay 3, black circles.
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Peruvian upwelling.
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shown on the bottom right. Upper right: Scatterplot of CO, concentration versus surface

temperature. The red line represents the cubic fit function (equation 1).
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Summary

Diazotrophy, the biological reduction of dinitrogen gas (N;) to bioavailable ammonium
(NH"), is the largest source of fixed N compounds (nitrate, nitrite, ammonium) to the oceans.
The classical view of the ecological niche for oceanic N.-fixers (diazotrophs) is tropical
oligotrophic surface waters, often completely depleted in fixed N, with microorganisms
belonging to the cyanobacterial lineage as the main perpetrator of N, fixation. While this may
be the case for large areas of the ocean, increasing reports of global diazotroph diversity 2,
and modelling studies of the oceanic N cycle ® suggest that the oceanic diazotrophic niche
may be much broader than previously thought. Here, we report on the distribution and relative
abundance of novel clades of diazotrophs in the Eastern Tropical South Pacific and the Peru
upwelling. The wide distribution of the novel clades throughout the water column extends the
habitat of marine diazotrophs to low oxygen/ high nitrate areas. Nitrogen fixation was
detected within OMZ waters and was stimulated by the addition of organic carbon sources.
Moreover, the co-occurrence of the functional marker gene for N,-fixation, nifH, and active
N.-fixation with key functional genes of nitrification, anammox and denitrification suggests
that a close spatial coupling of N-input and N-loss processes exists in the OMZ off Peru. In
view of the predicted increase in ocean deoxygenation as a result of global warming *, our
results indicate that the importance of OMZs as hotspots of N,-fixation may increase in the

future.

Introduction

The atmospheric pool of dinitrogen (N,) is made available to life in the ocean by biological
N,-fixation, a process exclusively performed by diazotrophs, a special group of prokaryotes *
® Global estimates of N,- fixation in surface waters (~150 Tg N y™) 7 cannot balance the
nitrogen (N) loss (~ 400 Tg N y™) & ° resulting from microbial processes such as anammox

(the anaerobic oxidation of ammonium with nitrite to N, ** **

) and denitrification (the 4-step
reduction of nitrate (NO5) to N, ® ™). Both, N-loss processes and No-fixation, are strongly
sensitive to dissolved oxygen (O;) concentrations, yet oxygen minimum zones (OMZs) such

13

as those found in the Arabian Sea and the Pacific Ocean ~°, are only known for their

importance as N-loss regions > **

. It has been recently suggested that the excess phosphorus
(P) *°, resulting from enhanced N-loss and from the release of reactive phosphate into the
water column from the sediment *°, together with the availability of dissolved iron in OMZs
provide environmental conditions favourable for N,-fixation. Recent reports on the nifH gene

diversity have suggested that the diazotrophic communities detected in OMZ waters differ
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strongly from the classical cyanobacterial-dominated diazotrophic communities found in
oligotrophic oceanic waters'” *® 192 Instead, DNA-based studies off the Californian coast
and the Peru upwelling have reported a suite of broadly diverse nitrogenase (nifH) gene
sequences related to heterotrophic bacteria and dominated by proteobacterial sequences " *.
The role and importance of heterotrophic diazotrophs in the ocean is currently unclear and
reports of contaminating nifH sequences from various sources call for a careful assessment of
the nifH diversity based solely on a phylogenetic approach. Confirmation of their importance
in OMZ waters requires information on the spatial distribution and relative abundance of
diazotrophs present in OMZs.

Here, we present novel data from two cruises to the Eastern Tropical South Pacific (ETSP) off
Peru (M77/3 and M77/4 on the German research vessel Meteor, Dec. 2008- Feb. 2009). By
combining molecular tools with in situ rate measurements using *°N,- incubations, seven
novel nifH clusters have been identified with several of the clusters only distinctly related to
previously described marine diazotrophs, some of them potentially heterotrophic as suggested
by glucose addition experiments. The cluster-specific nifH abundance and expression were
measured, together with N,-fixation rate measurements throughout the water column. Further,
the observed co-occurrence of genes involved in No-fixation and N-loss processes suggest a
tight coupling between these opposing processes directly within the OMZs as well as in the

overlaying waters.

Results

Diversity of novel nifH clusters in the OMZ off Peru

Unexpected high diazotrophic diversity in nifH sequences was detected in the OMZ off Peru.
A total of 600 DNA and cDNA nifH sequences were obtained from clone libraries taken from
various stations and depths during two cruises (M77/3, M77/4, 2008/2009) to the OMZ off
Peru (Fig. 1, map). The bulk fraction of the nifH sequences grouped into seven clusters
(further referred to as P1- P7). Those clusters were in large parts amplified from OMZ waters
below the euphotic zone, pointing towards a non-phototrophic metabolism in those
organisms. The P1 cluster was amplified throughout the water column of the OMZ off Peru,
thus dominating large parts of the system. The clusters P1 and P2, whose closest relatives are
found within the spirochaeta and archaea, respectively, represented the nifH sequences most
distantly related to the other clades detected during our study. In addition to those deep
branching clusters, the clusters P3-P7 were phylogenetically most closely related to various

clades of the proteobacteria, with some similarity to nifH genes amplified from hypoxic

85



2 RESULTS

basins in the Californian Bight and the OMZs off Peru and Chile " *® (Fig. 1). Sequences of

17, 23, and

the P8 cluster, have been previously detected in the Tropical South Pacific Ocean
were mainly present in clone libraries from M77/4 along the North-South transect at 85.83°W
down to more than 4000m.

nifH sequences belonging to the filamentous non-heterocystous cyanobacterium
Trichodesmium sp., to the diatom endosymbiont Richelia sp. or to UCYN-A, all of which are
considered key diazotrophs in the oligotrophic surface waters of the ocean % were
conspicuously absent from our study area. Sequences of group B most closely related to
Crocosphaera 2’ were the only cyanobacterial sequences recovered to a small extent from

some of our clone libraries (1 of ~300 sequences).

Distribution and relative abundance of novel clusters

We designed cluster-specific qPCR primers and TagMan probes to assess the spatial
distribution and relative abundance of the nifH gene of the novel diazotrophic clusters
throughout the water column of the OMZ off Peru, from surface waters down to 300 m,.
Clusters P1 and P4 were present in abundances up to 10° nifH copies L™, thus dominating the
diazotrophic community from the shelf to about 83°W at 10°S and to 77°W at 16°S (Fig. 2).
The P1 cluster was associated with deeper waters (100- 300 m) and thus lower O,
concentrations, while other clusters (P2, P3, P4, Fig. 2 and Fig. S1) were present in surface to
sub-surface waters. Contrary to the general belief that diazotrophs thrive mainly in N-depleted
waters, clusters P1, P4 and P8 were present at nitrate (NO3") concentrations up to ~40 uM
(Fig. 2). The clusters P1 and P4 showed the highest abundances in coastal stations, while
cluster P8 was present throughout the Peruvian OMZ (Fig. 2, 3) and was the dominant
diazotroph in the nutrient- depleted open ocean region along the north-south offshore transect
(transect C, Fig. 1,3), with abundances reaching up to 10° copies L™. Thus, the abundances of
P1 and P8 were inversely correlated with highest abundances on the shelf and off shore,
respectively (Fig. S2). Crocosphaera (CR), the only detected diazotroph that belonged to the
cyanobacteria, was mainly present in low abundances offshore in waters with high NO3
concentrations. However, at 16°S, nifH genes affiliated to CR were detected on the shelf as
well (Fig. 2). The distribution of CR suggests that parameters other than NO3" influence their
presence or absence; however, abundances of CR were generally low compared to other
diazotrophs and it is unclear if CR played an active role in fixing N, in the OMZ off Peru
during our study.
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In situ N,-fixation

The activity of the diazotrophic community was monitored by following the incorporation of
®N,, added in trace amounts during a 24 hour incubation of water samples. A broad peak of
No-fixation extending into the OMZ (beginning at ~ 40 m) could be observed offshore from
79.134°W to 81.361°W with up to 0.4 nmol N L™ d* at 200 meters depth (Fig. 4, Fig. S3).
Analysis of endpoints of °N,- incubation experiments (Fig. 4) demonstrated the exclusive
presence of P1, P4 and P7 nifH genes in the different treatments at station #3 (10°S 81.3°W)
(Fig. 4, Fig. S4 shows a similar experiment at a more coastal station). While the addition of
glucose (2 uM) stimulated the growth of clusters P1, P4 and P7, the combined addition of
glucose and oxygen (10 uM) promoted exclusively the growth of P7. Clusters P1 and P4 were
negatively affected by the addition of oxygen, even in the presence of glucose. This suggests
a potential switch to a dominance of members from the P7 cluster when O; is transported (e.g.
by O, intrusions or lateral mixing) into the OMZ, thus demonstrating the capability of the
diazotrophic community to react to rapidly changing O, conditions. Highest N,-fixation rates
in this experiment were measured along with an increase of nifH copy numbers of a
combination of P1, P4 and P7 when glucose but no O, was added (in situ concentrations ~
1.85 uM), thus pointing towards an heterotrophic mode of diazotrophy that might be limited
by the availability of reduced carbon compounds.

Further south, N-fixation rates increased showing higher activity in surface waters than at
depth, consistent with low N: P ratios (resulting in high P*), there. Highest N,-fixation rates
of 24.8 + 8.4 nmol N d* L™ were measured on the Peruvian shelf between Lima and Pisco
(12.37°S/ 77°W) in surface waters, where nifH cDNA of CR, P1 and P5 were expressed
(samples specifically collected for mRNA purification, Fig. 5). At this station, large parts of
the water column were fully anoxic (Fig. 5), and hydrogen sulfide (H,S) was present. Below
30 m depth, the water was depleted in NO3™ and NO,, the key substrates for anammox and
denitrification, thus N-loss processes were likely limited by substrate availability. However,
ammonia was present in concentrations of 2-4 uM below the oxycline. Integrated water
column N,-fixation exceeded 800 pmol N d™* m?, a rate comparable to those reported from
major Trichodesmium blooms . The peak in P1 nifH expression present at 80 m along with a
maximum in Np-fixation, here, indicates an active involvement of this cluster in N,-fixation at
depth (Fig. 5).
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Co-occurrence of No-fixation and N-loss processes

High nifH gene abundances of cluster P1, coincident with maxima in abundance of key genes
of archaeal ammonia- oxidizers (archaeal amoA, coding for the ammonia monooxygenase),
denitrifiers (nirS, coding for the cd1-containing nitrite reductase) and anammox bacteria (hzo,
coding for the hydrazine oxidoreductase) suggests a close spatial coupling between N-
fixation and N-loss (Fig. 3) as previously proposed by the model prediction of Deutsch et al.
2007 . A close correlation of P1 and NO, was detected, which is most pronounced along
10°S (Fig. S5). This finding is in line with the significant correlation of P1 and hzo (n = 113, r
=0.591) and P1 and archaeal amoA (n = 237, r = 0.56), at 10°S.

Of all key genes involved in N-cycling, archaeal ammonia oxidizer associated amoA
sequences were the most frequently detected, sometimes accounting for up to 80% of total

microbial cells assuming one amoA gene copy per cell (Fig. S6).

Conclusions

We detected seven novel clusters of diazoptrophs within the Peruvian upwelling system and
its associated OMZ. Together with the cyanobacterium Crocosphaera and a cluster previously
detected in the Tropical Pacific Ocean (P8), these novel clusters were widely distributed over
the Peruvian upwelling system. The observed patterns of distribution suggest preferences and
specialization of each cluster towards different environmental conditions. A major
contribution of heterotrophic diazotrophs to Ny-fixation among the novel clusters was
demonstrated in fertilization experiments with glucose. Further, the co-occurrence of cluster
P1 with key functional genes for nitrification and anammox suggests a close spatial coupling
of N-input and N-loss processes in the OMZ off Peru, with the potential to redress to some
extent the N- deficit generated on the shelf area as the water flows towards the open ocean.
Moreover, the measured high Ny-fixation rate detected at a sulphidic shelf station indicates
that such transient events, which have previously been reported to occur in intense OMZs %,
might sporadically trigger significant N,-fixation in N-depleted sulfidic waters.

The abundance of nifH throughout the water column down to 1000 m and the detection of
active N fixation inside the OMZ point towards a significant contribution of mesopelagic N,-
fixation in OMZ waters, suggesting significant N-input in the OMZ in addition to surface N,-
fixation. The activity of diazotrophs below the euphotic zone is currently not considered in
estimate of global N, fixation rates either from biogeochemical models, or derived from

geochemical tracers or by direct measurements. Therefore the extension of the diazotrophic
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niche into the mesopelagic realm has far reaching consequences for budgeting of the marine
nitrogen cycle.

Taken together our findings imply a major paradigm shifts in understanding oceanic N,-
fixation, by extending the niches of diazotrophs towards high nitrogen and low oxygen
environments, demonstrating the co-occurrence of N,-fixation and N-loss and indicating a
major dependency of diazotrophic clusters on O, and reduced carbon compounds, rather than

on the surface fixed N concentration.

Methods summary

Hydrographic parameters and nutrients

Samples for salinity, O, concentrations and nutrients were taken from a 24-Niskin- bottle
rossette equipped with a CTD sensor or a pump-CTD. Oxygen concentrations were
determined according to the Winkler method, salinity and nutrient concentrations were

determined as decribed .

Molecular genetic methods

Samples for the extraction of DNA/ RNA were taken by filtering a volume of about 2 L (exact
volumes were determined and recorded continuously) of seawater through 0.2 pm
polyethersulfon membrane filters (Millipore, Billerica, MA, USA). The filters were
immediately frozen and stored at -80°C. Specific RNA samples were taken by filtering
recorded volumes of seawater for a time intervall not exceeding 20 min.

DNA and RNA was extracted using the Qiagen DNA/RNA All prep Kit (Qiagen, Hilden,
Germany) according to the manufacturers protocol. Nucleic acid concentrations were
determined using PicoGreen and RiboGreen (Invitrogen, Carlsbad, CA) measurements.
Residual DNA was removed from the purified RNA by a Dnase | treatment (Invitrogen,
Carlsbad, CA). Purity of RNA was checked by 16S rDNA PCR amplification prior to reverse
transcription. The extracted RNA was gene specifically reverse transcribed to cDNA using the
Superscript Il First Strand synthesis Kit (Invitrogen, Carlbad) following the manufacturers’
protocol.

NifH was amplified by PCR with primers and probes according to % 3. For the novel nifH
clusters gPCR primers and probes were designed with the Primer Express software package,
oligonucleotide sequences and gPCR conditions are given in Tab.l. AmoA PCRs and
quantitative PCRs were performed as described in Loescher (submitted 2011); nirS and hzo
were amplified according to Lam (2007) and Schmid (2010).
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Cloning of PCR amplicons was performed using the Topo TA Cloning®Kit (Invitrogen,
Carlsbad, CA) according to the manufacturers’ instructions. Sanger sequencing was carried
out by the Institute of Clinical Molecular Biology, Kiel. Sequences were analyzed using the
ClustalW multiple alignment tool on a 321 bp fragment for nifH, sequence differences were
set on a minimum of 5%, phylogenetic trees were made using distance-based neighbour-

joining analysis.

N, seawater incubations
Seawater incubations were performed in triplicates at 6 stations in the OMZ off Peru (M77/3)
as previously described 32 *, The method used might however lead to an underestimation of
the true N, fixation rates, as suggested recently®* 3. p*

et al. 2007 ©°.

was calculated according to Deutsch
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Tab 1: Primers and PCR conditions. For real-time gPCR the initial denaturing step was 10

min at 95°C, annealing temperatures were the same as in the end point PCRs, no final

extension step took place, 40 cycles were performed followed by melting curve analysis.

Cluster | reference Forward primer 5°- 3’ Reverse primer 5°- 3’ Probe annealing
sequence temperat
(GenBank ure [°C]
accesion no.)
P1 M773_3.70_4 GGACTACATTCGGA GTCGTAACCACGATCT | TCTTCAAAATCCCGCGTCCC 60
CTAG AG G (antisense)
P2 M773_3_150_7 GGTGTTCTATGTGTT | GTAGGAGTTACGAATT | TCGCCTAGCACATCATAGAT 50
GAA GG CAC (antisense)
P3 M773_56_100_1 | CACAGTTAGAGAGG CAAGGTCGTCAGTAA AGCTCGACAAGGTAATGTTC
TAGG AAG ACA (sense)
P4 M773_22_30_1 CTCGCACAGAAATC GCATGTTAATGGAAGT | ACGTCGAACTCGAAGACATC | 60
AGTG GATG CG (sense)
M773_56_85_3 GCTCAATCTACAATT | GCTGTAATAACTCCTC | ACCACCTGACTCAGTACAAT 50
ATGC TAC TAATGT
P7 M773_28_115_1 | GGTTCTGTTGAAGAC | CGAAGTCTAAGTCTTC | ATCGCTGTGATTACACCACG 52
ATC TTC AC (antisense)
P8 M774_800m_11 | ACTCGTCTGACTTCA | TTAATACATCGTTCCA | AAAGCACAGAATCATG 52
(Halm, Bl4a C
submitt
ed)

Figure legends
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Desulfovibrio vulgaris
» HQ455958.1 Uncultured marine bacterium
tEF2M557.1 Uncultured bacterium
Geobacter bemidjiensis
HQ455983.1 Uncultured marine bacterium
EU916669.1 Uncultured bacterium *
97/ AY225106.1 Uncultured bacterium *
%8/ L AB198391.1 Uncultured bacterium *
%L AY225105.1 Uncultured bacterium *
EU916368.1 Uncultured bacterium *
AB198373.1 Uncultured bacterium *
DQ831858.1 Uncultured bacterium
AY225108.1. Uncultured bacterium *
1001AY225107.1 Uncultured bacterium *
Rhodospirillum centenum

95 HQ586539.1 Uncultured alpha proteobacterium
L Pseudomonas st
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e
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20°S . h Yo
90°W 85W 8OW T75W 70°W

Fig. 1: Phylogenetic tree based on the analysis of ~600 nifH gene and transcript
sequences retrieved in this study. The newly identified clusters are indicated by grey
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triangles. Cyanobacterial sequences are highlighted in green, proteobacterial sequences are
highlighted in brown, Cluster 111 sequences as defined by Zehr et al. (2000) % are shown in
blue, and two novel deep branching clusters are highlighted red. Bootstrapped values (%)
above 50, out of 100 are shown on branches. The scale bar represents 10% estimated
sequence divergence. Sequences marked with an asterisk indicate likely contaminated PCR
products previously reported by Turk et al. 2011%, the novel clusters are mostly distant from
those sequences.
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Fig. 2: Distribution of NO3', O, and the newly identified nifH clusters: NOs  (uUM), nifH
clusters P1, P4, P8 and Crocosphaera (logso copies L™) along (A) 10°S and (B) 16°S. The
depth of 25, 50 and 100 UM oxygen concentration are indicated with white contour lines.
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Fig. 3: Depth integrated horizontal distribution of functional key genes of N-loss processes
and Ny-fixation in the upper 350 m in the Peruvian OMZ: archaeal amoA (functional marker
for archaeal ammonia oxidation), nirS (functional marker for denitrification), hzo (functional
marker for anammox), nifH for diazotrophs clusters P1, P8 and total nifH (logio copies L™).
The section shows the vertical distribution of the dominant nifH cluster P8 (log:o copies L™,
measured by gPCR) along a North-South transect at 85.83°W as indicated by the black box on
the map, the depth of 25, 50 and 100 UM oxygen concentration are indicated with white

contour lines.
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Fig. 4: Vertical profiles of N,- fixation: (A) Water column N,- fixation determined by 24h
N,- incubation experiments along with the initial vertical distribution of nifH clusters P1 and
P4 at station #3 (Fig.1, map, 10°S/ 81.3°W). (B) O, and nutrient concentrations at the same
station. (C) The effect to the addition of glucose (21M) and oxygen (10 pM) on N,-fixation as
well as on the nifH gene abundances of the detectable clusters P1, P4 and P7 (both as end-
point measurements in 24 h incubations, samples from 95m depth indicated by an arrow in

panel A)) were determined.
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Fig. 5: Vertical distribution of (A) the nifH gene abundance, (B) the measured N,-fixation and
nifH gene expression (dashed line, second x- scale, samples have specifically collected for
RNA extraction), and (C) chemical parameters (02, NO3z', NO,", NH4") at a coastal sulphidic
station (M77/3, #19, 12.37°S/ 77°W)

Supplementary information

Distribution of additional novel nifH clusters

Although clusters P2, P3, P6 and P7 showed lower nifH abundance than the previously
discussed clusters, they show a specific distribution along vertical and horizontal gradients.
Generally, those clusters appear in higher abundance at 16°S, where N/P ratios were close to

zero in surface and the OMZ had high P* values reaching 2 uM.
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2.3 Heterotropphic N, fixation in the Peruvian OMZ

Fig. S1: Distribution of P*, NO, and novel nifH clusters: Oxygen, P*, NO;" (uM), nifH
clusters P2, P3, P6 and P7 and total nifH (logio copies L™) along (A) 10°S and (B) 16°S. The
25, 50 and 100 uM oxygen concentrations are indicated with white contour lines.
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Fig. S2: P1 nifH gene abundance versus P8 nifH gene abundance, showing the mutual

exclusion of the two clusters.
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Fig. S3: Vertical profiles of N,- fixation: 24h °N,- incubation experiments at two stations at

10°S (# 805 at 79.134°W and # 811 at 81.361°W, left panel).
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Fig. S6: Distribution of total non-green bacteria as detected in the flow cytometer along
10°S (left panel) and 16°S (right panel).
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Abstract

The two commonly applied methods to assess dinitrogen (N,) fixation rates are the >Ny-tracer addition and the acetylene
reduction assay (ARA). Discrepancies between the two methods as well as inconsistencies between N, fixation rates and
biomass/growth rates in culture experiments have been attributed to variable excretion of recently fixed N,. Here we
demonstrate that the >Ny-tracer addition method underestimates N, fixation rates significantly when the '>N, tracer is
introduced as a gas bubble. The injected °N, gas bubble does not attain equilibrium with the surrounding water leading to
a "°N, concentration lower than assumed by the method used to calculate >N, -fixation rates. The resulting magnitude of
underestimation varies with the incubation time, to a lesser extent on the amount of injected gas and is sensitive to the
timing of the bubble injection relative to diel N, fixation patterns. Here, we propose and test a modified '°N, tracer method
based on the addition of '°N,-enriched seawater that provides an instantaneous, constant enrichment and allows more
accurate calculation of N, fixation rates for both field and laboratory studies. We hypothesise that application of N, fixation
measurements using this modified method will significantly reduce the apparent imbalances in the oceanic fixed-nitrogen
budget.
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Introduction

Biological dinitrogen (Ny) fixation is the major source of fixed
nitrogen (N) in the oceanic N budget [1]. Current estimates of
global oceanic N, fixation are ~100-200 Tg N a~' [2]. N,
fixation rates can be assessed through geochemical estimates,
modelling of diazotroph abundances and growth rates [3] and
direct measurements of Ny, fixation. Geochemical estimates rely on
the measurement of, e.g., nutrient stoichiometry and estimates or
models of ocean circulation [4,5] or the distribution of stable
isotope abundances (e.g., [6]). Direct measurements of Ny fixation
are obtained either using the °Ny-tracer addition method [7,8] or
the acetylene reduction assay (ARA) [8,9]. However, direct
measurements of Ny fixation rates account for =50% of the
geochemically-derived estimates [10]. Furthermore, the sink terms
in the oceanic fixed N budget significantly exceed the current
estimates of Ny fixation and other source terms for fixed N [11,12].
This gap between sources and sinks of fixed N implies an oceanic
nitrogen imbalance, which may reflect a non-steady-state of the
oceanic fixed-N inventory, or result from over-estimation of loss
processes and/or under-estimation of fixed nitrogen inputs
[10,13]. However, isotopic signatures in sediments suggest that
the fixed N budget is in a steady-state [14].

The comparison of Ny fixation rates measured simultaneously
using the "’Ny-tracer addition and the ARA shows that the '°No-
tracer addition generally yields lower rates (for a summary see
[15]). In addition, mass balance analyses of '°No-based Ny, fixation
rates measured in experiments with cultured diazotrophs, indicate

@ PLoS ONE | www.plosone.org

that the "’No-tracer addition method yields rates that are too low
for sustaining the observed growth rates and biomass [16,17]. The
discrepancies between the two methods and the lack of mass
balance in culture experiments have often been attributed to the
excretion of recently fixed nitrogen as ammonium (NH,") or
dissolved organic nitrogen (DON). The discrepancies have led to
the operational definition of gross and net Ny fixation [16,18] as
measured by the ARA and the ®No-tracer addition approaches,
respectively. However, the measured release of NH;* or DON is
rarely sufficient to balance the observed growth in culture, and
even invoking recycling of the dissolved fixed N rarely accounts for
the observed discrepancies between Ny fixation rate and growth
rate/biomass [16].

The apparent oceanic N imbalance, differences between
geochemical estimates and measured rates of Ny fixation, and
the difficulties in reconciling discrepancies between ARA and
Ny-based estimates of Ny fixation in the field and in culture
experiments, led us to re-assess the Ny-tracer addition method.
This method is based on the direct injection of a '’N, gas bubble
into a seawater sample [7] sufficient to yield a final enrichment of
2-5 atom percent (atom%) and incubation for 2-36 hours [19].
N, fixation rates are then retrieved from the incorporation of PN,
into the particulate organic nitrogen (PON). The method assumes
implicitly that the injected gas fully and rapidly equilibrates with
the surrounding water, and this assumption is the basis for
calculation of the initial "N enrichment of the dissolved Ny pool.
Knowledge of this enrichment is pivotal to the calculation of Ny
fixation rates with this method as seen in equation 1 (equations

September 2010 | Volume 5 | Issue 9 | e12583
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combined from [8]):

(am' = 430)  1pw)

N, fixation rate = —
(ANz _ AIPTVO) At

where A=atom% '°N in the particulate organic nitrogen (PN at
the end (final) or beginning (¢=0) of the incubation or in the
dissolved Ny pool (Ny).

In applications of the method, all parameters of the equation are
measured except for the atom% "N in the dissolved Ny pool (Ayz).
Equation 1 shows that calculation of Ny fixation rates depends
strongly on this value which is calculated from the predicted
equilibrium dissolved Ny concentration [20,21], its natural '°N
abundance, and the amount of '°N, tracer added with the bubble.
The calculation assumes that there is complete isotopic equilibra-
tion between the injected bubble of "Ny and the surrounding
water at the start of the incubation.

Here we report results of experiments that were designed to
assess the rate of equilibration of an introduced '’Nj gas bubble
with the surrounding water. Based on results of these experiments,
we developed a modified approach involving addition of °Nj-
enriched seawater which assured a well-defined and constant "°N
enrichment of the dissolved Ny gas at the beginning of the
incubations. We propose the application of the modified approach
for future assessments of Ny fixation rates in natural microbial
communities and in laboratory cultures.

Results

Time-resolved equilibration of a bubble of '°N, in
seawater

A first set of experiments (isotopic equilibration experiments)
was carried out to assess the time required to attain isotopic
equilibrium in the dissolved pool of Ny gas after injection of a
known amount of "N, gas as a bubble into sterile filtered
seawater. A gas bubble of pure ’N, was injected directly into
incubation bottles which were manually inverted fifty-times
(~3 min agitation) and left standing for up to 24 h. Concentration
of dissolved '’N, was followed over the 24 h period to assess the
degree of equilibration of the "N, gas bubble with the
surrounding water as a function of time. Dissolved "N,
concentrations in the seawater increased steadily with the
incubation time (Fig. 1A). After cight hours, dissolved N,
concentrations reached about 50% of the concentration calculated
assuming complete isotopic equilibration of the injected bubble
with the ambient dissolved Ny gas in the seawater sample. At the
end of the 24 h incubation, the dissolved >Ny concentration had
increased to about 75% of the calculated concentration.

N, fixation rate underestimation due to incomplete 5N,
gas bubble equilibration

Similar results were obtained in the incubation experiments
with pure culture of Crocosphaera watsonii (culture experiments),
which confirmed the incomplete and time-dependent equilibration
of the injected bubble of "Ny gas with the surrounding water
(Fig. 1B). These experiments also demonstrated the associated
underestimation of Ny fixation rates. Culture experiments were
conducted after '°N, addition as a gas bubble and also after PN,
addition in the form of ""Ny-enriched seawater (our modified
method, see Methods section). The incubation of C. watsoni after
injection of a bubble of "Ny gas and without prior incubation of
this bubble in algal-free media, gave a Ny fixation rate which was

@ PLoS ONE | www.plosone.org
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Figure 1. Time-dependence of the equilibration of a '°N, gas
bubble with seawater. Results are presented as a function of the
time after bubble injection (white symbols). (A) Measured dissolved
>N, concentrations as percentage of calculated concentration assum-
ing rapid and complete isotopic equilibrium. (B) N, fixation rates by C.
watsonii as percentage of the maximum rate measured during the
experiments. For comparison, the addition of '*N,-enriched water to
samples yielded a constant "°N, enrichment over 24 h (A, grey symbols)
or constant N, fixation rates (B, grey symbols).
doi:10.1371/journal.pone.0012583.g001

only 40% of the maximum rate measured in the incubations to
which "’ Ny-enriched seawater had been added. In other words, for
the 12-h incubation period under the described experimental
conditions, the Ny fixation rate was underestimated by 60% when
the '°N, was introduced as a gas bubble. In contrast, in both the
isotopic equilibration and the culture experiments, the concentra-
tion of dissolved '°Ny, remained stable at the predicted value
throughout the 24 h in incubations to which "Ny-enriched water
was added.

Factors influencing '°N, gas dissolution in N,-saturated
seawater

Continuous, vigorous shaking (50 rpm) greatly increased the
concentration of "Ny in the media (Fig. 2) reaching ~67% of the
calculated concentration after 30 minutes whereas the initial,
manual agitation, z.e. inverting bottles 50 times (~3 min), resulted
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Figure 2. Agitation-dependent increase in dissolved >N, using
bubble incubations. Values are presented as a percentage of the
calculated concentration. The manually-shaken (3 min) sample was
added to the plot for comparison (grey symbol).
doi:10.1371/journal.pone.0012583.9002

in only ~13% of the calculated concentration. Information on
agitation is generally not provided in the published literature, but
this is clearly a variable factor in incubations, especially if
performed at sea. Continuous, vigorous shaking, as tested here
(50 rpm; Fig. 2), is difficult to achieve in field experiments and
may, in addition, be detrimental to some diazotrophs (e.g.
Trichodesmium colonies).

Increasing the size of the incubation bottles, increasing the
amount of gas injected per liter of seawater and the addition of
dissolved organic matter (DOM) led in all cases except one to
slower equilibration of the "N, gas bubble with the surrounding
water (Fig. 3 and 4A), even when bottles were shaken continuously
for one hour (Fig. 4B). Only with the injection of 8 ml of '°N, gas
per liter of water and one hour of continuous, vigorous shaking,
was near-complete equilibration achieved (97% of calculated
concentration).

Discussion

Both the isotopic equilibration and the culture experiments
demonstrated clearly that the equilibration of >Ny gas injected as
a bubble into Ny-saturated seawater is time-dependent and
incomplete, even after 24 hours. The lack of complete equilibra-
tion causes the resulting calculated Ny fixation rates to be variably
and significantly underestimated (see Equation 1). The equilibra-
tion, i.e. the isotopic exchange between the '°N, gas in the bubble
and the surrounding water is controlled primarily by diffusive
processes. The major variables that influence the rate of isotopic
exchange include the surface area to volume ratio of the bubble,
the characteristics of the organic coating on the bubble surface
[22], temperature and the rate of renewal of the water-bubble
interface [23]. The renewal of the water-bubble interface appears
to have the greatest effect on the isotopic exchange, as continuous
vigorous shaking of the incubation bottles generated the highest
enrichment of N, in the water phase. However, the calculated
(equilibrium) enrichment in '°Nj, was not attained fully even after
one-hour of continuous shaking at 50 rpm on a rotary shaker.

@ PLoS ONE | www.plosone.org
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Figure 3. Dissolved "N, concentration as a function of bottle
size and amount of injected >N, gas. Values are presented as a
percentage of the calculated concentration. Bottles were incubated for
1 hour. Black bars, 0.13 L bottle and white bars, 1.15 L bottle.
doi:10.1371/journal.pone.0012583.g003

Incubations carried out on board a research vessel will provide
some agitation of the bubble but this will not approach the high
and constant agitation tested in our experiments. The implication
is that variable sea-state conditions encountered during sea-going
incubations, and the details of individual experiments, will lead to
variable '°Ny enrichments and hence variable underestimation of
N fixation rates. Further, Ny fixation studies in the oligotrophic
regions of the ocean usually require the use of large incubation
volumes (e.g., 2—4 L), so that continuous shaking for one hour or
more is not practical, and in addition would likely be detrimental
to the natural microbial communities.

The experiments with variable bottle sizes and DOM additions
(Fig. 3 and 4) demonstrated that there are factors in addition to the
bubble incubation time that affect the equilibration. On the other
hand, the addition of '"Ny-enriched seawater to the incubations
led to a stable enrichment over the 24 h incubation time which
was instantaneous and independent of the agitation of the bottles.

This study was motivated partly by the mismatches between the
ARA and "’Ny-based measurements of Ny fixation as well as
imbalances between '°Nj-fixation rates and biomass-specific rates
(~growth rate) or C:N fixation ratios (Table 1). Such mismatches
have been observed in environmental studies and in culture
studies, mainly with Trichodesmium. Although it has been shown
that Trichodesmium can excrete recently fixed Ny as NH," or DON
[16,24], the excretion of "NH," or DO'N rarely accounts for the
observed discrepancies [16,17]. The operational definition of gross
and net N, fixation as obtained through ARA and PN,
incubations, respectively, has been mainly based on the mismatch
between the rates measured by the two methods. Our results
demonstrate that N, fixation rates, as measured with the "Ny
method [7] are underestimated. Therefore, the magnitude of the
exudation of recently fixed nitrogen and the conditions promoting
this process should be re-evaluated, taking into account the results
presented here.

We reviewed published studies that have used the direct
injection of a >Ny gas bubble to assess Ny fixation rates in order to
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evaluate the magnitude of under-estimation. However, first
attempts to assess the degree of underestimation of field and
culture N, fixation rates were obscured by a wide range of
experimental conditions among the studies. Bottle sizes ranged
from 14 ml to 10 L, the amount of >Ny injected varied from 0.2
to 40.8 ml '°N,, per L scawater and incubation times ranged from
0.25 to 48 hours, with the majority of the field studies using 2—4 L
bottles and 24 h incubations. In addition, information on agitation
was, in general, not available. There were no obvious trends of
reported Ny fixation rates with either bottle size, incubation time
or the amount of injected '°Ny gas probably because of the large
variability of geographic locations and environmental conditions
prevailing in the individual studies, which would have a dominant
effect on the local diazotrophic communities and their N fixation
rates. An evaluation of the degree of possible underestimation of
15N2 fixation rates in environmental studies is further confounded
by diel periodicity of Ny fixation [25-27]. The lack of
knowledge on the exact timing and magnitude of the individual
N, fixation activity of the different diazotrophs relative to the
timing of '"Ny gas injection hinders back-calculation of
published Ny fixation data. This can be illustrated, for example,
with a hypothetical diazotroph community that is dominated by
unicellular cyanobacteria which fix nitrogen during the night
period only (Fig. 5A). In this microbial community, measure-
ments of N, fixation using the direct injection of a >N, gas
bubble during a 24 hour incubation will lead to a variable
underestimation of the true Ny fixation rate, depending on the
timing of the incubation start relative to the peak in the
nitrogenase activity (Fig. 5C, solid lines). The underestimation
will be more pronounced if the start of the incubation is
coincident with the onset of the active Ny fixation period. In
contrast, incubations with enriched 15N2 seawater, will not lead
to an underestimate, regardless of the incubation start relative to
the diel cycle (Fig. 5C, dashed lines).

The discrepancies and mismatches/imbalances observed in field
and laboratory studies could, in part, be explained by the variable
underestimation of the true N, fixation rate due to the
methodological uncertainty reported here. We propose the addition
of "Ny-enriched seawater to incubations to assess Ny fixation rates
in laboratory and field studies. We suggest that measurements using
this approach are likely to increase measurements and estimates of
N, fixation at species, regional and global level and lead to a
reduction in the apparent oceanic nitrogen imbalance.

Table 1. Discrepancies observed between '°N, fixation, ARA and carbon fixation or biomass-specific rates?.

station (BATS)

Organism/area C,H:"°N, C:N fixation ratio biomass-specific rate [d '] Reference
Trichodesmium/Pacific, Atlantic, 808° 130]

north of Australia

cyanobacterial bloom/Baltic 3-20 [18]
Trichodesmium IMS 101 3-22 75-133 [17]
Trichodesmium IMS 101 1.5-6.9 0.002-0.011°¢ [16]
Trichodesmium/Gulf of Mexico 10-107° 31]
Trichodesmium/Bermuda Atlantic Time Series 13-437 0.006-0.03¢ [32]

2C:N fixation ratio is based on '*N,-fixation measurements.
bRatio calculated from DI'C and '°N, fixation rates.
“Calculated from '®N, fixation rate divided by PON.

doi:10.1371/journal.pone.0012583.t001
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“Calculated from doubling time with biomass-specific rate =In (2)/doubling time.
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Figure 5. Influence of diel N, fixation patterns on the
magnitude of N, fixation rates. Schematic diagram illustrating the
influence of diel N, fixation patterns on N, fixation rates when
determined with the direct injection of a >N, gas bubble. A hypothetical
diel N, fixation pattern is shown (panel A) with a duration of the N,-fixing
period of 12 h. Three possible time periods for 24 h incubations are
indicated by the solid bars (A-F). The corresponding '°N enrichment in
the dissolved N, pool (panel B) is shown for the three incubation periods
using the direct injection of a 5N, gas bubble (solid lines; A, B and C) and
the addition of '°N,-enriched seawater (dashed line; D, E and F). The
resulting cumulative N, fixation in each of the incubations (panel C)
demonstrates that the timing of the incubation relative to diel N, fixation
patterns introduces a variable underestimation in the total N, fixation
rate measured during the incubation after a >N, gas bubble is injected
(solid lines; A, B and C) as compared to the N, fixation measured with the
addition of 15Nz—enriched seawater (dashed lines; D, E and F). The
diagram is based on the observations made in the experiments described
in this study.

doi:10.1371/journal.pone.0012583.9005

Materials and Methods

Culture and growth conditions

The diazotrophic cyanobacterium Crocosphaera watsonit WH8501
was grown in batch cultures in N-free YBCII media [28] at 28°C
in a temperature-controlled growth chamber. C. watsoni was
subjected to 12:12 h dark:light cycles.

Direct injection of a '°N, gas bubble in water

We first examined the rate of equilibration between an injected
bubble of "’N, gas and seawater. Two series of incubations were
started by injecting 140 ul of >N, into 133 ml of an artificial
seawater media (YBCII) contained in headspace-free, septum-

@ PLoS ONE | www.plosone.org
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capped glass bottles. In the first series (isotopic equilibration
experiments), all bottles were inverted fifty times (~3 min) after
injection of the >N, gas bubble and left at room temperature in
the laboratory. One bottle was sampled immediately after the
agitation in order to determine how much '°N, gas had dissolved
initially. The other bottles were opened and sampled after
standing for periods from 1 to 24 h. Upon opening of the bottles,
samples to measure the dissolved '°N, were taken and stored in
gas-tight glass vials (Exetainer®) until analysis.

In the second series (culture experiments), the YBCII media was
pre-heated to 28°C in a temperature-controlled chamber before
being used to fill septum-capped glass bottles. As with the first
series, samples were agitated and left standing for varying periods
of time after the injection of a >N, gas bubble. Instead of taking
subsamples for >Ny analysis, 13 ml of media were replaced by C.
watsonii WH8501 culture upon opening of the bottles. This series
of experiments was timed so that the introduction of culture into
the media took place at the start of a dark phase of the 12:12h
dark:light-adapted C. watsoniz culture. The samples with the culture
were then incubated for 12 h at culture growth conditions (28°C,
dark phase, i.e. No-fixing) and filtered onto pre-combusted GF/F
(Whatman; 450°C for 4 h) filters at the end of the incubation.
Filters were dried immediately after (50°C, 6 h) and stored at
room temperature until analysis. To obtain a measure of
underestimation using the direct injection of a >Ny gas bubble,
one bottle containing 13 ml of €. watsoniu culture was incubated for
12 h after the injection of 140 pl "Ny gas at the start of the dark
phase and without release of the bubble, essentially resembling a
laboratory or field incubation.

Direct addition of '°N, tracer-enriched seawater

An alternative, modified '°Ny tracer addition method was
developed, which involved addition of an aliquot of '*Ny-enriched
water to incubations. This alternative method was based on earlier
approaches used to study oxygen cycling using '*O, [29] and the
release of DON using N, [24]. The preparation of the "’N,-
enriched water was started by degassing 0.2 pum-filtered artificial
scawater (YBCII media). Degassing was carried out by applying
vacuum (=200 mbar absolute pressure) to continuously stirred (stir
bar) media for about 30 min. The degassed water was transferred
rapidly but gently into septum-capped glass bottles until overflow,
and 1 ml of "N, gas (98 at%; Campro Scientific) was injected per
100 ml of media. The bottles were shaken vigorously until the
bubble disappeared. Aliquots of this '°Ny-enriched water were
then added to the incubation bottles, with the enriched water
constituting no more than 10% of the total sample volume. This
alternative enrichment method was applied to the two series of
experiments described above.

Assessment of additional factors contributing to
variation in "°N, enrichment

We assessed possible effects of varying bottle size, amounts of
injected gas and different amounts of agitation on their
contribution to the equilibration between a bubble of N, gas
and the surrounding seawater. For the bottle size comparison,
incubations were performed in 0.13 L. bottles and in 1.15 L
bottles. The amount of injected gas varied between 1 ml >N, per
1 L seawater up to 8 ml '°N, per 1 L seawater. The incubations
were agitated either by inverting fifty times manually (~3 min) or
by continuous agitation on a rotating bench-top shaker (Biometra
WT 17) at 50 rpm (rotations per minute). We also added marine
broth (Difco 2216; 0.2 um filter-sterilized; 230 mg DOM L'
media) to some bottles to examine the effect of dissolved organic
matter (DOM).
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>N, analysis in the artificial seawater and '°N analysis in

the particulate organic nitrogen (PON)

Subsamples taken during the equilibration experiments were
analysed for N, concentration with a membrane-inlet mass
spectrometer (MIMS; GAM200, IPI) within one week of
subsampling. Dried GF/F filters were pelletized in tin cups, and
PON as well as isotope ratios were measured by means of flash
combustion in an elemental analyser (Carlo Erba EA 1108)
coupled to a mass spectrometer (Thermo Finnigan Delta S).

Calculations )

The expected concentration of '°N, following bubble injections
was calculated assuming rapid and complete isotopic equilibration
between bubble and surrounding seawater and considering
atmospheric equilibrium concentrations of dissolved Ny [21].
When "’Ny-enriched aliquots were added, the amount of PN,
originally dissolved in the degassed seawater and the volume of the
aliquot added were taken into account. The calculations of Ny
fixation rates in the culture incubations were made according to
Equation 1 and are presented as a percentage of the highest rate
measured. For the comparison between methods, the measured
N, concentrations are presented as a percentage of the expected
concentration calculated as follows

Vis,

—2  —T[mol BN, L™ (i.e. 100° 2
MV % Veora [mol PN, | (e o) (2)

for the direct injection of a N, gas bubble where Vs Ny is the
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volume of the 13N2 gas bubble, MV is the molar volume and
Vrorar 1s the total (water) volume of the incubation. The expected
concentration was corrected for the amount of >N, gas which
remains in the bubble at isotopic equilibrium with the surrounding
water. For the addition of "’Ny-enriched water the expected
concentration is

V15N2 VEW
X
MV x Vpg

Vrorms ~ [mol PNy L] (ie. 100%)  (3)

where Vpy is the volume of degassed water, Vg is the volume of
Ny-enriched water added to the incubation and Vyoryy is the
total (water) volume of the incubation.
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Biological dinitrogen (N;) fixation provides the largest input of nitrogen (N) to the
ocean, therefore exerting critical control on the ocean’s nitrogen inventory and
primary productivity . Despite the importance and demonstrated sensitivity of
the N cycle to human influence 43, there is controversy about the global magnitude
of the gain and loss processes with the N loss exceeding the gain by approximately
200 Tg N yr'1 67, Here we show that the most widely applied method used to
measure N, fixation rates in natural open ocean settings leads to a large
underestimation of the contribution of N,-fixing microorganisms (diazotrophs) to
fixed N in the Atlantic Ocean. Using molecular techniques to quantify the
abundance of specific clades of diazotrophs and BN, incorporation into particulate
organic matter, we demonstrated that the magnitude of underestimation in N,
fixation rates measured with the established method® relative to a new method’
was related to the diazotrophic community composition. Our data show that in
areas dominated by Trichodesmium, underestimation by the established method
averaged 62%. However, where unicellular and symbiotic cyanobacteria and y-
proteobacteria dominated the diazotrophic community, the newly developed
method yielded N, fixation rates over six fold higher than with the established
method. Based on average areal rates measured over the whole Atlantic Ocean, we
calculated basin wide N, fixation rates of 14 and 24 Tg N yr'1 for the established
and new method, respectively. If our findings can be extrapolated to other ocean
basins, this suggests that the global marine N, fixation should be raised from 103
Tg N yr'1 to 177 Tg N yr'1 and that the contribution of Nj-fixers other than
Trichodesmium is much more significant than previously thought.

The oceans support approximately half of the earth’s biological carbon fixation '°.
Carbon itself is rarely considered to be limiting in the ocean, rather nutrient elements
such as nitrogen (N), phosphorus (P) or iron (Fe) control primary productivity . Of
these elements, nitrogen is special because it is always present in large amounts as
dissolved dinitrogen (N,) but this form is available only to the diazotrophs, a restricted
group of prokaryotes'. Biological N, fixation is the largest input of fixed nitrogen into
the ocean and has been proposed to control marine primary productivity on geological
timescales ''. While phytoplankton appear to be limited in growth over large areas by

the availability of fixed N (e.g. nitrate, nitrite, ammonium), the productivity of
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diazotrophs is controlled by other environmental factors, such as the availability of Fe
and P '2. Thus, increased desertification due to land use change may promote marine N,
fixation through increased acolian input of iron ', whereas the increased usage of
fertilizers and riverine runoff or increased atmospheric N deposition may have a
contrary effect > . An understanding of marine N, fixation and its response to
anthropogenic forcing is crucial for assessing the future of oceanic primary productivity.
Yet, recent attempts to produce a balanced N budget usually leave a major gap on the

input side 7

which creates a paradox, because stable isotopes recorded in ocean
sediments suggest that the ocean’s N inventory has been balanced for the last 3000
years . The paradox can be reconciled in three ways ': One hypothesis is that current,
transient N-loss rates are exceeding N, fixation, but that over timescales of several
thousand years, variable losses and gains act to maintain a steady-state fixed-N
inventory '® 7. Two alternate hypotheses invoke the possibilities that either the N-loss
or the N-gain terms are in error. Several lines of evidence point out that even the most
conservative estimates of oceanic N losses are higher than current estimates of N-input
based on field-measurements of N, fixation and suggest that contemporary N, fixation
rates may have been underestimated grossly * .

Over the last decade, molecular techniques have led to the discovery of a variety
of previously unrecognized diazotrophs that express their nitrogenase genes and fix No,

thereby illustrating gaps in our knowledge of marine N, fixation '®%

23, 24

. The discovery of

N, fixation in mesopelagic waters in the Pacific and the possibility of significant

25:26 reinforces the idea that

involvement of heterotrophic bacteria in global N, fixation
we are missing a large fraction of global N input by N, fixation. While biogeochemical
modeling and geochemical tracer approaches have been used to estimate regional and
global magnitudes of N, fixation, these indirect approaches rely on assumptions that
require verification by direct biological rate measurements of N, fixation.

However, a recent laboratory study showed that the established method for
measuring oceanic N, fixation leads to underestimation of rates due to slow and
incomplete equilibration between the °N, tracer added as a gas bubble and the water
sample °.

In fall 2009, we examined the consequences of these findings by measuring the
magnitude of the underestimation of N, fixation rates in open ocean settings. During

two research cruises in the Atlantic Ocean between 25°N and 45°S we compared the

established 15N2 tracer method (hereafter called the “bubble-addition method”) for

3
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measuring N, fixation® with a recently developed method’ in which the "N, tracer is
added as a dissolved gas (the “dissolution method”). Our sampling covered a wide
variety of oceanic conditions with sea surface temperatures ranging from 10°C to >28°C
(Fig.1). At each sampling station we conducted parallel incubations with the dissolution
and the bubble-addition methods, using dual labeling with NaH'"*CO; and '°N, gas in
the same incubation bottles to measure dissolved inorganic carbon (DIC) assimilation
and N, fixation simultaneously with both methods (see supplementary online material
for experimental details).

The "°C labeled DIC was added to check for systematic differences in biological
activity due to the differences in methods, and the results showed that carbon fixation
rates were in good agreement between the two experimental methods (Fig. 2B). The N,
fixation rates, on the other hand, showed a large difference between the two methods
and a poor overall correlation (Fig. 2A). Average depth integrated rates of N, fixation
over the whole Atlantic Ocean (25°N to 45°S) differed by a factor of 1.7 (91 +/- 37 and
54 +/- 16 pmol N m™ d”' for the dissolution and bubble-addition methods, respectively,
n=17). Further, a geographical pattern emerged among the differences in the rates
measured with the two methods. In the northern part of the 23°W section (15°N — 5°S),
the depth-integrated N, fixation rates derived from 4 vertical profiles were, on average,
62% higher with the dissolution method relative to the bubble-addition method (194 +
30 and 120 + 13 pmol N m™ d™', respectively). In the Equatorial Atlantic Ocean (4.5°N
— 5°S), a region previously not considered important for N, fixation »’, the depth
integrated N, fixation rates derived from 7 vertical profiles were on average 570 %
higher with the dissolution method (55 + 17.7 pmol N m™ d) relative to the bubble-
addition method (8 + 3.4 pmol N m? d™") (Fig. 3). Moreover, in the South Atlantic Gyre
(38°S) and in the Falklands (Malvinas) Current (44°S), where water temperatures were
as low as 16°C and 10°C, respectively, considerable N, fixation was detected with the
dissolution method (0.44 +/- 0.1 and 0.54 +/- 0.1 umol N m™ d ). In contrast, the
comparative rates with the bubble method were substantially lower (0.10 +/- 0.01 and
0.18 +/- 0.03 pmol N m™ d™' for 38°S and 44°S , respectively) 2* .

TagMan assays based on nifH gene presence were used to quantify the relative
abundance of the diazotrophic phylotypes known to occur in the Tropical Atlantic
Ocean " . Two geographically separated areas, dominated by distinct diazotrophic
phylotypes could be identified (Fig. 4, Fig. S2). The most abundant diazotroph was
Trichodesmium with nifH copy numbers peaking at 9°N with 5 x 10° Trichodesmium

4
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nifH copies L. The highest N, fixation rates were measured inside a Trichodesmium
bloom at 13.75°N with 360 + 8.5 pmol N m? d"' and 219 + 82 pmol N m? d
measured with the dissolution and bubble-addition methods, respectively. Although
Trichodesmium was detectable throughout the whole area (Fig. 4, note the logarithmic
scale), its abundance declined rapidly south of 5°N. Diatom associated heterocystous
diazotrophs (DDA’s), unicellular cyanobacteria and y-proteobacteria (AO) showed a
peak of abundance within the Trichodesmium bloom and a second peak in the
Equatorial Atlantic region where they outnumbered Trichodesmium. We therefore
characterize the Tropical North Atlantic region (5°N-15°N) as an area of
Trichodesmium dominance where underestimation of N, fixation rates by the bubble-
addition method was less severe (but significant). In contrast, the largest
underestimation (570%) with the bubble-addition method was found in the Equatorial
Atlantic (4.5°N-5°S), which was as an area dominated by diazotrophs other than
Trichodesmium (Fig. S4 and S5). Hence the combined results indicate that the
magnitude of underestimation in N, fixation rates measured with the bubble-addition
method relative to the dissolution method was related to the diazotrophic community
composition.

The species composition of the diazotrophic community can affect the level of
underestimation by the bubble-addition method for a variety of reasons. The
equilibration time for a '°N, gas bubble in a bubble-addition type of incubation is longer
than the typical incubation time of 24 hours, despite manual shaking at the onset of
incubation ° (Fig. S6). Hence, the '°N, label will remain highly enriched within the
bubble and its immediate surroundings, whereas water at the bottom of the incubation
bottle will have lower "N, enrichment (see supplementary online material).
Consequently, Trichodesmium, which are buoyant, may be exposed to a higher fraction
of the added "N, label. In contrast, diatom-associated diazotrophs will tend to
accumulate at the bottom of incubation bottles due to the size and silicate frustules of
their hosts™. Hence, diatom-associated cyanobacteria may be amongst the organisms
most affected by the underestimation bias of the established bubble-addition method.
Underestimation bias will also be greater when the start of an incubation coincides with
the peak of N, fixation activity of the dominant diazotrophs (e.g. Crocosphaera or
UCYNA, for night-time and day-time incubations, respectively). These biases are
avoided with the dissolution method because '°N; label is added via seawater which is

mixed uniformly in the incubation vessel at the start of the incubation.
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Using published measurements of N, fixation rates obtained with the bubble-addition
method, we calculated basin-wide and global budgets of N, fixation. The basin wide
averages are 14 Tg N yr”' for the Atlantic, 63 Tg N yr’' for the Pacific and 26 Tg N yr”'
for the Indian Ocean giving a global total of 103 Tg N yr”' (see supplementary online
material). Our own average N, fixation rates, as measured with the bubble-addition
method and extrapolated over the Atlantic Ocean (25°N to 45°S) result in an input of 14
Tg N yr', which is identical to the value for the Atlantic Ocean calculated from the
published data. In contrast, using the average of our N, fixation measurements made
with the dissolution method raises the Atlantic Ocean N, fixation rate to 24 Tg N yr™.
Applying this relative difference in rates measured in the Atlantic Ocean (i.e. 14 versus
24 Tg N yr'") to all ocean basins (103 Tg N yr'"), implies a global N, fixation rate, based
on direct measurements, of 177 Tg N yr™.

Our study directly confirms that field measurements of N, fixation made with
the most widely applied '’N, bubble-addition method have significantly and variably
underestimated N, fixation rates, with major implications for global budgets. Our data
reveal regional variations in the magnitude of underestimation which we hypothesize
are related to diazotrophic community composition. Specifically, the contribution of
diazotrophs other than Trichodesmium may have been severely underestimated in prior

field studies leading to a biased view of the key players in this globally important

process.
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Figurel: Sampling sites and sea surface temperature. Map of average night time sea
surface temperature in °C (SST) in fall 2009 in the Atlantic Ocean
(http://oceancolor.gsfc.nasa.gov/), overlaid with Stations sampled on the METEOR 80/1
(triangles) and the POLARSTERN ANT-XXVI/1 (circles) cruises. Triangles also
correspond to 11 vertical profile stations used in Figure 3. The equatorial station was
sampled twice during the course of the cruise, and therefore two triangles are

superimposed at this location.

Figure 2: Comparison between bubble-addition and dissolution method. A: N, fixation
rates for all stations and depths. Inlay shows zoom on 0-2 nmol L™ d”' range. B: Carbon
fixation rates for all stations and depths. Error bars indicate standard errors of triplicate

incubations.

Figure 3: Mixed layer inventory of N, fixation rates in the Tropical and Equatorial
Atlantic Ocean. Stations correspond to triangles in Fig. 1A. Upper panel: N, fixation
rates measured with the bubble-addition method. Lower panel: N, fixation rates

measured with the dissolution method.
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Figure 4: Relative abundance (logarithm of (gene copies +1)) of various phylotypes of
diazotrophic bacteria from the same stations as the N, fixation rate measurements,
estimated with TagMan nifH gene assays. From top to bottom: Unicellular cy. =
GroupA, GroupB and GroupC cyanobacteria, Het1+2 = diatom associated heterocystous
cyanobacteria (DDA’s), Gamma AQO = diazotrophic y-proteobacteria, Trichodesmium.
There was no DNA sampling at the 3.5° N station. Note that the nifH gene copies L™ of
diatom-associated heterocystous cyanobacteria (e.g. Richelia) detects all cells of the

symbionts not just the heterocysts where N, fixation is actively taking place.
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2.5 Closing the Gap

Material and Methods

Sampling

In order to compare the commonly used 15N, tracer addition method to measure N, fixation *
with the addition of **N,-enriched water as suggested by Mohr et al. (2010)?, seawater was
sampled on two cruises in the Atlantic Ocean, the first on board R/V Meteor (M80/1) on a
longitudinal transect (23°W) between 15°N and 5°S, the second on board R/V Polarstern
(ANT-XXV1/1) on a transect between 54°N and 54°S (Bremerhaven, Germany to Punta
Arenas, Chile). In total 39 triplicate incubations were conducted with both methods in
parallel. On the M80/1 cruise, seawater was sampled at 11 stations from the surface (bucket),
20 m depth and the chlorophyll maximum (CTD rosette sampler) at 7:00 in the morning,
whereas on the ANT-XXVI/1 cruise, seawater was sampled at 6 stations at 16:00 from the

ship’s clean seawater supply which is installed at 11 m depth (keel of the ship).

Incubations

Seawater samples were filled headspace-free (bubble addition method) or with a 100-150 ml
headspace (dissolved method) into 4.5 L polycarbonate bottles and closed with Teflon® -
coated butyl rubber septum caps. To determine N, fixation rates with the bubble-addition
method, a 4.5 mL *°N, gas bubble (Sigma-Aldrich, >98 atom%) was injected through the
septa into each of triplicate bottles (yielding a theoretical enrichment of ~12 atom% assuming
a rapid isotopic equilibration between the added *°N; gas and the ambient dissolved N, of the
water sample). After injection, bottles were gently inverted one hundred times. For
comparison of N fixation rates, we added ®N,-enriched seawater to a second set of triplicate
bottles (dissolution method). In detail, the preparation of the °N-enriched seawater was
started by degassing filtered seawater (0.2 pum filtered, Durapore) using a membrane flow-
through system (Mini-Module, Membrana) in which the seawater flowed on the inside of the
membrane and a vacuum (-960 mbar, water jet pump) was applied to the outer side of the
membrane. The seawater flow rate was about 400 — 500 mL min™ and seawater was
recirculated for the first 10-15 min of the degassing step. Degassed seawater was then filled
directly from the flow-through system into evacuated gas-tight 3L Tedlar® bags without a
headspace. Addition of >N, gas was dependent on the amount of seawater in the Tedlar® bag

and was added at a ratio of 10 ml **N, per 1L seawater. The volume of degassed seawater in

1
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the Tedlar® bag was estimated using a balance. During the Meteor cruise, dissolution of the
®N, gas was achieved by ‘slapping’ the bubble with a ruler. The ‘slapping’ lead to a
dispersion of the large bubble into numerous small bubbles and thus an increase in the surface
area to volume ratio which facilitated gas diffusion. After complete dissolution of the added
>N, gas (**N,-enriched seawater), an aliquot of the >N, enriched water was collected for each
preparation of enriched seawater and stored in an Exetainer until return to the laboratory
where the isotopic composition was measured by membrane-inlet mass spectrometry®.
Overall, the average concentration of *N; in the prepared batches of enriched water was 246
UM (standard deviation =24.7 uM). This yielded a *°N-enrichment of about 2% when 100 mL
enriched seawater are added to 4.5 L of incubation volume (depending on temperature and
salinity). Next, 100-150 ml of **N-enriched seawater were added to each of triplicate bottles
before capping the bottles headspace-free with Teflon®-coated butyl rubber septum caps.
Bottles were inverted 100 times. Primary production rates were determined in all incubation
bottles by the addition of NaH*CO3 (~3.5 atom% final) after the addition of >N, gas or **N,-
enriched water. All bottles were placed into on-deck incubators with a surface seawater flow-
through and a 25% in situ light level established with a light foil layer (Blue Lagoon, Lee
Filters). Incubations were stopped after 24 hours by filtering 2-3 liters of each incubation onto
pre-combusted (450°C, 5 hours) GF/F filters (Whatman) under gentle vacuum (-200 mbar).
Filters were oven-dried (50°C, 24 hours) (Meteor) and stored over desiccant until analysis or
frozen at -20°C directly after filtration (Polarstern). On the Meteor, the remainder of the
samples was pooled for nucleic acid sampling within each set of triplicate bottles and a total
of 2 L were filtered onto Durapore filters (47 mm, 0.2 um pore size; Millipore). Samples were
shock-frozen in liquid nitrogen and stored at -80°C until analysis.

To determine the natural abundance (NA-control) of **N and *C isotopes in the
incubations, two different controls were incubated alongside with the six experimental bottles.
The control for the bubble-addition method was untreated seawater, while the control for the
dissolved method received an aliquot of seawater which had previously been degassed but
instead of the addition and dissolution of **N, for the preparation, ambient air was used. Both

controls were processed as described above for the experimental bottles.
Elemental stoichiometry and isotopic composition of particulate organic material

GF/F filters were acidified over fuming HCI overnight in a dessicator. Filters were then oven-
dried for 2 hours at 50°C and pelletized in tin cups. Samples were analyzed for particulate
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organic carbon and nitrogen (POC and PON) and isotopic composition using a CHN analyzer

coupled to an isotope ratio monitoring mass spectrometer.

Calculation of nitrogen and carbon fixation rates
N, fixation rates were calculated based on the final isotopic composition of the particulate

organic nitrogen after the incubation using the following equation (1):

N, fixation rate = ( anpe ~ Am‘“’"”"') X [PN]
( z PN ) At

A-control

(1)

With A = atom% *°N in the particulate organic nitrogen (PN) in incubations to which **N,

was added (A7), in control incubations ( ™ o) Which were simultaneously incubated
with the other bottles or in the dissolved N2 pool (A ). For the bubble-addition method, the

atom% in the N, pool was calculated from the predicted®>N, concentrations according to
Mohr et al. (2010) 2. For the dissolution method the *N, concentration was calculated from
the MIMS measurement value in the batch of enriched water for individual experiments and
the measured volume of enriched water added to the incubation bottle. Carbon fixation rates
were calculated as described for N, fixation rates. All rates are displayed as means of

triplicate incubations with a standard error.

DNA extraction and determination of nifH phylotype gene copy number

DNA was extracted according to Langlois et al. 2008 using the AllPrep DNA/RNA extraction
kit (QIAGEN) following the manufacturer’s instructions®. Amplification of nifH genes was
performed on an ABI-PRISM 7000 thermocycler, using phylotype specific probes and
primers described in Langlois et al. 2008 * and Foster et. al. 2007 ° (Table S1). nifH gene copy
numbers were calculated based on the attained Ct values and a linear regression from plasmid

standards ranging from 10 to 10* copies and simultaneously amplified on the same plate.
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Table S1. Primers and Probes used in Tagman assays during this study. All sequences

reported in 5°-3” direction.

Reverse (5°-3°) Pos Forward (5°-3°) Pos Probe (5¢-3°) Pos
UCYN- | TCAGGACCACCG TAGCTGCAGAAAGA TAATTCCTGGCT
127-146 50-76 98-117
A GACTCAAC GGAACTGTAGAAG ATAACAAC
Filament | GCAAATCCACCG TGGCCGTGGTATTAT AAGGAGCTTAT
. 256-275 165-189 206-225
ous (Fil) | CAAACAAC TACTGCTATC ACAGATCTA
Croco TCAGGACCACCA
TGCTGAAATGGGTTC CGAAGACGTAA
(UCYN- | GATTCTACACAC | 122-146 54-75 87-102
TGTTGAA TGCTC
B) T
GGTATCCTTCAA
UCYN- TCTACCCGTTTGATG AAACTACCATTC
GTAGTACTTCGT | 83-112 1-26 32-55
C CTACACACTAA TTCACTTAGCAG
CTAGCT
AACAATGTAGAT
TTATGATGTTCTAGG TTGCAATGCCTA
GamAO | TTCCTGAGCCTT | 294-321 240-266 275-290
TGATGTG TTCG
ATTC
Het-1
. AATACCACGACC CGGTTTCCGTGGTGT TCCGGTGGTCCT
(Rich- 158-177 105-124 133-155
. CGCACAAC ACGTT GAGCCTGGTGT
Riz0)
Het-2
AATGCCGCGACC TGGTTACCGTGATGT TCTGGTGGTCCT
(Rich- 158-177 106-124 133-155
Hemi) AGCACAAC ACGTT GAGCCTGGTGT
emi

Statistical analysis
To test if the grouping of the Meteor dataset into Equatorial and Tropical North Atlantic
stations was statistically significant, we used the PRIMER (v. 6°) to perform a principal
component analysis (PCA) and an analysis of similarity (ANOSIM) with the input parameters
sample depth, phosphate concentration, Trichodesmium dominance (filamentous nifH
abundance relative to other nifH genes), temperature, oxygen, ammonium concentration,
salinity and the measured N, fixation rates for the bubble addition and dissolution methods
(Fig. S2). The PCA showed that temperature, oxygen and phosphate were driving a spread of
the data according to water depth, while the dominance of Trichodesmium, the measured N,
fixation rates, salinity and ammonium were responsible for the separation in latitude (Fig.
4
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S2A). The ANOSIM indicated that the division into the equatorial and tropical areas was

highly significant (p<0.01).
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Figure S2. A: PCA analysis showing the samples of the METEOR 23°W transect and the

clustering into the tropical (green triangles) and equatorial (blue triangles) groups. The blue

lines show the strength and the direction of the influence of the variable over the direction of
the data distribution. B: The observed R value of 0.6 (black line) is to the right beyond the
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distribution function of random sampling of the variables (blue frequency bars), hence
showing the statistical significance (p<0.01) of the grouping in the PCA of Fig. S2A.

Areal rates

Avreal rates were calculated for the Meteor cruise (15°N — 5°S) according to equation (2):
Nie (umol N m2 d%) = (& ; 2) yoom+ (o +2r pou) y (7.~ 20m) @)

With the areal N fixation rate Nsix, o, 20 and rpcm the N fixation rates at surface, 20 meters
and the chlorophyll maximum respectively and zpcm the depth of the chlorophyll maximum.
Standard errors were calculated according to error propagation techniques.

The areal N, fixation rates (umol N m? d™) calculated according to equation 2 showed a
strong linear correlation (Fig. S3, r* = 0.92) with the N, fixation rates (nmol N I d*%)
measured for the surface waters during the Meteor cruise. This linear correlation (equation 3)
was subsequently used to convert the N, fixation rates at 11m water depth from the Polarstern

cruise to areal N, fixation rates.

Nﬁx (I"lmOI N m-2 d-l) =35.872 x '\|fix(surface)(nn']0I N L-l d-l) (3)
400 -+
350 y=35.872x 4
R?=0.9199
300

ro
u
o

N; fix {(umol N m2 d?)
=N
o o
(] (e ]

=
o
(=]

u
sn]
1

0 T T T T 1
0 2 4 6 8 10 12

N3 fix [surlace}(nm0| NL1d?Y)

Figure S3. Correlation between N, fixation rates measured for the surface waters and
calculated (equation 2) areal rates for the Meteor transect for both the bubble addition (red
6
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squares) and the dissolution method (blue diamonds). The black line represents the linear
relationship for the entire data set with both methods, forced through zero (r2 = 0.92). The
slopes of the regressions for the individual regressions of the two methods separately are
36.826 (rz2 = 0.946) for the dissolution and 35.851 (r2 = 0.8624) for the bubble-addition
method.

Global N, fixation estimates from literature values

For the global estimates of N gain via N, fixation, published values of bulk water N,
fixation rates measured with the bubble-addition method (Table S2) were weighted according
to the number of stations and averaged over six ocean basins: North and South Pacific, North
and South Atlantic and North and South Indian Ocean (Table S3). The basin wide average
was multiplied by the dimension of the basin, whose extent was defined by the most northerly
and most southerly observation of N, fixation mentioned. Since the Indian Ocean is poorly
constrained in terms of measurements by the bubble-addition method, we used average rates

from the North and South Pacific for the North and South Indian Ocean, respectively.
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Supplementary Online Material and Figures

Comparison of mean N, fixation rates measured by the bubble-addition and the dissolution
methods in the tropical and equatorial regions

A pairwise comparison (t-test for dependent samples) of the mean N, fixation rates
determined with the bubble-addition and the dissolution methods within the tropical and
equatorial areas (Fig. S4) indicated that the underestimation by the bubble-addition method
was statistically significant in both regions. Moreover, this underestimation was substantially
higher in the equatorial region, which was dominated by diazotrophs other than
Trichodesmium.

nmol N fixed Lt d?

1 1

 m

T Dissolution

Tropical Equatorial T Bubble

Region

Figure S4: Plot of means with standard error for the dissolution method (red boxes) and
bubble-addition method (green boxes). Rates were pooled over all depths for the Equatorial
(4.5°N - 5°S) and the Tropical North Atlantic (15°N - 5°N) region. The mean N, fixation rates
measured by the dissolution and the bubble-addition methods were significantly different for
both the equatorial region (t-test for dependent samples, p = 0.000025, df = 61), and the
tropical region (t-test for dependent samples, p = 0.001, df= 38).
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Magnitude of the underestimation by the bubble-addition method relative to the dissolution

method
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Figure S5: Ratio of N, fixation rates measured by dissolution method relative to the bubble-
addition method (note the log-scale) as a function of latitude. Ratios were calculated for the
paired measurements where N fixation rates were detectable with both methods (n=25). Note
that the ratio is particularly large (i.e. the underestimation of N,-fixation rates by the bubble
method is large) in the tropical regions where diazotrophs other than Trichodesmium

dominate.

Summary and implications of the results presented in Mohr et al. (2010)

Mohr et al. (2010) showed that the equilibration of a °N, gas bubble in seawater is slow,
taking up to 12 hours to reach ~ 80% of the calculated value based on complete equilibration
of the ®N, label with seawater (Fig. S6, upper panel). In contrast, the >N, label added as
dissolved *°N, remained constant with time (Fig. S6, lower panel). Mohr et al. (2010) shows
that the strength of agitation (their Figure 2 and 4), bottle size and bubble size (their Figure 3
and 4), affect the kinetics of the N, gas equilibration with the surrounding seawater. The
consequence of the slow and variable equilibration time of the >N, gas in field incubations

13
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carried out by the bubble addition method® is that the rates will be underestimated in most
cases. The underestimation will be variable and depend on physical factors (e.g. amount of
agitation), specific species composition of the diazotrophic community (e.g. floaters vs.
sinkers, night fixers vs. day fixers), the time of onset for the incubations (e.g. morning vs.
evening, Mohr et al 2010, their Figure 5) and length of incubation. The strong linear
correlation between the *N-labeling % of dissolved N, in the medium and *°N-labeling of
Crocosphaera biomass (Fig. S7) shows that variations in *°N,, and total dissolved N

concentrations have no significant effect on the N,-fixation rate itself.
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Figure S6: Membrane inlet mass spectrometry measurements of 2N, %N, *N,, and
dissolved oxygen (*?0,) concentrations versus equilibration time for the bubble-addition

method (top panel) and the dissolution method (lower panel). The calculated (expected)
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values for N, (mass 30) are 37.7 and 25.2 umol kg™ for the bubble-addition and the

dissolution method, respectively (black solid lines) (data redrawn from Mohr et al. (2010).

0.025

y=0.2621x+ 0.0049
R*=0.9201 O

0.020

0.015

0.010

15N /(14 N+15N) in particulate

0.005

0.000 T T T T T T 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

5N/(1“N+'>N) in N, pool

Figure S7: Linear correlation between the N/(**N+™N) ratio for dissolved N, and the
corresponding °N/(**N+'°N) ratio for particulate nitrogen from the Crocosphaera watsonii
culture after 12 h incubation. The linear relationship shows that *>N-assimilation by these
diazotrophs is directly proportional to the **N-labeling % for dissolved N in the medium. The
slope of the regression line is 0.26 indicating that the N-based doubling times for
Crocosphaera were ~2 days in our incubations, which is comparable to published growth
rates?’. The different levels of **N enrichment in seawater were achieved by pre-equilibrating
a gas bubble for times varying from 1 to 24 hours prior to the inoculation with the
Crocosphaera cultures. For comparison, the values of incubations to which dissolved BN,
was added are displayed (filled circles). Data redrawn from Mohr et al. (2010).

Considerations about the change in gas composition in an incubation

An incubation of seawater in a bottle always presents a situation that is ideally close
to, but not identical to in situ conditions. Since a bottle offers a very limited space, it is
possible that in a 24 hour incubation some organisms or particulate matter sinks to the bottom

of the bottle, where oxygen will get more depleted than in the upper part of the bottle.
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2.5 Closing the Gap

However, such bottle effects are inherent to any kind of incubation and would not
differentially affect the methods used here. In both the bubble-addition and the dissolution
method a minor part of the gas composition is replaced by the added >N, label. This volume
needs to be kept as low as possible, but on the other hand the desire is to maximize the
addition of *°N; label, to increase the detection limit. By adding 100 mL of degassed water to
a 4.5 L incubation (= 2.2%), the oxygen concentration for example drops theoretically from
225 uM to 220 uM. Such a change in oxygen concentration is within the natural variability of
surface oxygen concentration due to photosynthesis and respiration. In a bubble-addition type
of incubation with 1 mL *°N, gas per L of seawater the drop in oxygen concentration would
be from 225 uM to ~216 pM, since the bubble would hold ~20% oxygen after complete
equilibration. The manipulation in the gas composition is therefore similar in both methods
and within the range of natural variability. In Mohr et al, (2010), the concentrations of the
nitrogen isotopes as well as dissolved oxygen were measured in water samples that were
incubated with a >N, gas bubble as well as with dissolved *°N, additions (see Fig. S6 above).

The measured data confirm the theoretical changes mentioned here.

Examples of potential bias introduced by the species composition for the bubble-addition
method

There are several ways in which the diazotrophic community composition can affect
the magnitude of underestimation in a bubble-addition method incubation. One example is via
the time of N, fixation activity relative to the beginning of the incubation. Diazotrophic
communities dominated by diazotroph species fixing at night (e.g. Crocosphaera) will suffer
less underestimation than one that is dominated by diazotrophs fixing during the day (e.g.
UCYN-A) when the incubation is set up at sunrise, since the °N, label had more time to
equilibrate with the water phase 2 and vice versa. The second way is via the relative position
in the water, i.e. the “closeness” of the diazotroph to the source of label, the *°N, bubble. The
following experiment with Nodularia, a buoyant diazotrophic cyanobacterium, suggests that
this may also happen in natural communities. A culture of the heterocystous cyanobacterium
Nodularia spumigena IOW-2000/1 was grown in modified artificial seawater % supplemented
with phosphate and trace metals (ASW). The culture was transferred twice into fresh medium
before the experiment. For the experiment, three 450 ml sub-cultures (1 week after last
transfer) were transferred from culture flasks into 1.15 L sterile glass bottles. The cultures

were supplemented with fresh media up to ~ 1.13 L. Cultures were left over-night to allow
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filaments to float to the top of the bottle. The next day, cultures were filled with fresh media
from the bottom with a syringe in order to keep the floating filaments in place. The bottles
were closed headspace-free with Teflon®-coated butyl rubber septum caps and 5 mL of N,
gas were injected just underneath the septum. At the end of the ~ 6 h incubation period during
the day time, the floating filaments were separated from the non-floating ones and both were
separately filtered onto pre-combusted GF/F filters (Whatman). A natural abundance sample
was also filtered at the end of the incubation. Filters were treated as previously described.

The nitrogen fixation rate measured in the floating fraction was significantly higher (t-test, p
< 0.05, n = 3) than the measured rate of the bulk phase (Fig. S8). However, N, fixation rates
measured with the °N, isotope added as a dissolved gas (dissolution method) measured
during the same experiment were approximately 2 and 6 times higher than those measured
with the bubble-addition method for the floating and the non-floating fractions, respectively.
Although our experimental design does not rule out that the floating and sinking fraction may
have been in a different physiological state and fixing N, at different rates, the right panel of
Figure S8 shows that a small layer of filaments close to the bubble of pure N, gas would
have been exposed to very high concentration of °N, gas during the incubation period. The
calculated rates for the floating and non-floating fraction are in agreement with this
hypothesis and suggest that such situation may also develop during calm field conditions. The
culture results presented here are also congruent with the observation of less discrepancy
between the bubble-addition and dissolution method in areas which were dominated by
Trichodesmium vs. areas not dominated by Trichodesmium which suffered from larger

discrepancies.

0.012 4

0.01

o
=]
o
@

0.006 -

0.004 -

pe N fixed pg N biomass'! h!

0.002 -

Floating Non-Floating

Figure S8. Left: Biomass-specific N, fixation rates of N.spumigena measured with the

bubble-addition method. Filaments at the very surface of the incubation bottle (floating) were

18

148



© 00 N O o B~ W N

e I e e N i o o =
© O N o O~ W N B O

20
21

2.5 Closing the Gap

analyzed separately from the bulk liquid phase (non-floating). Error bars indicate standard
errors of triplicate incubations. Right: Filaments of Nodularia in the incubation bottles. Red

box marks the floating fraction analyzed in this experiment.

Literature survey of incubation conditions used for BN, fixation measurements

Since many factors besides the diazotrophic species composition (see upper section)
have the potential to influence the magnitude of difference between the two methods, like
bottle size, incubation time and bubble size, it is of interest to know how our experimental
conditions compared to those in other studies. Table S4 gives an overview of the published
literature and the experimental setup used. The global mean of °N, gas added per liter of
sample is 2.6 mL L™, the median is 1.0 mL L™. In this study we used 1 mL L™ of **N, gas,
which is a representative value of the previously published work. The incubation time and
bottle size in this study were 24 h and 4.5 liters, respectively, both representative of
conditions used for whole water incubations in oligotrophic regions. In addition, a 24 h
incubation also ensures that the N, fixation measurement covers a full daily cycle. However,
the table below shows the range of incubation times used and that the underestimation or rates
may be highly variable especially considering the timing effect of incubation vs. the timing of
N fixation activity.

Table S4: Published literature about studies using the *°N, tracer addition (bubble-addition)

method and the parameters used in their incubation setup.

Incubation s bottle
Year Study area or N,
Reference Ocean time size
published organism [miLY)
[h] [L]
Benavides
2011% Atlantic NE Atlantic 24 1.6 1.24
etal.
Bombar et South China
2011% Mekong River Plume 6-12 0.9 2.3
al. Sea
Bombar et South China
2010* upwelling 6 1.1 2.3
al. Sea
Bonnet et
2009* Pacific Equatorial W Pacific 24 0.7 4.5
al.
19
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Bonnet et 1
2011 Mediterranean 24 0.9 4,5
al.
Atlantic /
Burns et al. 2006** Trichodesmium 4 0.4 0.25
Pacific
Capone et
2005% Atlantic Trichodesmium 2 0.3 0.31
al.
Kuroshio and South
South China
Chen et al. 2008%* China Sea Basin, 3 1.7 0.12
Sea
Trichodesmium
NW Pacific /
Chen et al. 2011% Pacific Kuroshio / 3-5 1.7 0.12
Trichodesmium
Chen et al. 2011% culture Trichodesmium 24 5 1.2
Church et N Pacific subtropical
2009 Pacific 24 0.7 4.5
al. gyre, station ALOHA
Degerholm "
2008 Baltic Sea 4 18.4 0.25
etal.
Dore et al. 2002* Pacific subtropical N Pacific 24 0.2 4.7
Atlantic /
Falconetal. | 2004% Unicellular 24 0.64 0.014
Pacific
Fernandez
2010% Atlantic Atlantic 24 1 2
etal.
Fernandez
2011* Pacific tropical SE Pacific 24 2 2
etal.
N Pacific subtropical
Fong et al. 2008" Pacific 24 0.7 4.5
gyre
Gandhi et
2011% Indian Ocean Arabian Sea 4 1.6 1.25
al.
Garciaetal. | 2011% culture Trichodesmium 12 1 0.16
Garciaetal. | 2007% Pacific SW Pacific 12 1.7 1.2
Goebel et
2010* Atlantic tropical Atlantic 24 0.1 3.8
al.
Grabowski 5 .
| 2008% Pacific ALOHA 24 0.25 4.5
etal
20
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South China
Grosse etal. | 2010% Mekong River Plume 6-12 0.9 2.3
Sea
i _ W Gulf of Mexico /
Holl et al. 2007 Atlantic 6 0.96 0.25
Trichodesmium
Ibello et al. 2010% | Mediterranean 24 1 4.6
0.25-
Konno et al. 2010% Pacific NW Pacific 24-72 2-4
0.5
Law et al. 2011% Pacific SW Pacific 12-36 1 2.4
Maranon et
2010 Atlantic central Atlantic 24 1 2
al.
. o . eastern tropical N
Mills et al. 2004 Atlantic 24 0.85 1.18
Atlantic
Moisander "
1996° Baltic Sea Field and culture 2 40 0.0245
etal.
Moore etal. | 2009 Pacific Fiji to Hawaii 24 0.7 4.5
Mourino- tropical and
2011% Atlantic 24 1 2
Carballido subtropical Atlantic
Moutin et
2008 Pacific tropical S Pacific 24 1.7 0.6
al.
Mulholland
and 2005°° culture Trichodesmium 1 1 0.16
Bernhardt
Mulholland o
2004 culture Trichodesmium 2 1 0.16
etal.
Needoba et “ oligotrophic N Pacific
2007 Pacific 48 2 4
al. Ocean
Orcuttetal. | 2001% Atlantic BATS/Trichodesmium 6 14.3 0.014
Ploug et al. 2010 Baltic Sea Aphanizomenon 3-6 8 0.25
Raimbault
2008% Pacific S Pacific Ocean 24 3.5 0.58
and Garcia
. ) western English
Rees et al. 2009 Atlantic 24 2 0.64
Channel
Rees et al. 2006%° | Mediterranean | E Mediterranean Sea 24 2 10
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Ridame et o
2011 Mediterranean 24 1.1 4,5
al.
Rijkenberg o subtropical NE
2011 Atlantic >24 1 4
etal. Atlantic
Sandroni et NW Mediterranean
2007% | Mediterranean 12 1.7 0.6
al. Sea
Shiozaki et NW Pacific (along
2009" Pacific 24 0.5 4.5
al. 155°E)
Sohmetal.,
2011 Atlantic South Atlantic Gyre 24 0.7 45
A
Sohmetal., whole water and
2011" Pacific 24 0.7 4.5
B Trichodesmium
Ternon et
2011% | Mediterranean 24 1.1 4.5
al.
Turk et al. 2011% Atlantic tropical NE Atlantic 6 2 1
Twomey et "
2007 Indian SW coast of Australia 6 0.8 4
al.
tropical N Atlantic,
Voss et al. 2004° Atlantic 6 1 1
transect at 10°N
South China
Voss et al. 2006% Off Vietnam 6 1.1 2.3
Sea
Wannicke et
2010% Atlantic NE Atlantic 1-20 1 2.5
al.
Wasmund
2005 Baltic Sea 2 2 0.25
etal.
Wasmund
2001% Baltic Sea 8 4 0.25
etal.
Watkins-
20117 Pacific North Pacific 24 0.5 4.4
Brandt et al.
White etal. | 2007 Pacific Gulf of California 24 0.3 2
Yogev et al. 2011 Mediterranean | E Mediterranean Sea 24-30 2 4.5
Mean 15 2.6 2.2
Median 18 1.0 2.0
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Deutsch et al. 2007 proposed a mechanism explaining how the high N-loss rates in oxy-
gen minimum zones could be balanced by N, fixation. Due to upwelling of water with
high P compared to N concentrations, the surface phytoplankton would rapidly draw down
N concentrations to a level that limits their growth, with residual P opening the stage for
diazotrophs. After degradation, the diazotrophic biomass would be converted to ammo-
nium and then to nitrate, thereby resupplying the lost N to the ocean, shifting the nutri-
ent stoichiometry (N:P) back towards the Redfield ratio. As predicted by Deutsch et al.
2007, we found high rates of N, fixation on the Peruvian shelf, at a station where nitrate
was nearly completely depleted and P remained at very high concentrations in the wa-
ter column. Yet, most of the diazotrophic organisms detected in the Peruvian upwelling
system were previously unknown (Cluster P1-P7), showing distinct patterns of distribu-
tion throughout the water column, with sometimes high abundances inside the OMZ.
Cyanobacteria, the best studied contributors to marine N, fixation were absent, except for
Crocosphaera. The N, fixation rate as measured along the 10°S transect showed a broad
peak throughout the OMZ, where oxygen concentrations were sometimes below the de-
tection limit (2 umol kg™!). Furthermore, the addition of glucose to incubations always
triggered an increase in N, fixation rates measured. The Peruvian upwelling system there-
fore represented a unique habitat of diazotrops, where cyanobacteria only play a minor
role and heterotrophs seem to be the dominant diazotrophs.

The whole South Pacific receives very low quantities of Aeolian iron input; there-
fore phytoplankton productivity is limited by iron availability over large areas (Behrenfeld
& Kolber 1999). Diazotrophic cyanobacteria have high iron requirements, because both
N, fixation and photosynthesis involve enzymes with high iron content. This could ex-
plain the absence of diazotrophic cyanobacteria, at least in the areas that are iron limited.
All along the 10°S and 12°S transects of the M77/3 cruise we detected a cyclic signal
in the Fv/Fm value 2.2 that is indicative of iron limitation (Behrenfeld er al. 2006), yet
nutrient addition experiments at the ends of the 10°S and 12°S transects did not show any
limitation on phytoplankton growth, apart from a weak Si limitation at 12°S. In N-limited
regions, as those identified via a nutrient addition experiment at 17.45°S 073°W, the high
loading of organic material in the water possibly favours the growth of heterotrophic di-
azotrophs rather than diazotrophic cyanobacteria. A route of supply of reduced organic
compounds could be via the upwelling itself. Dissolved organic carbon (DOC) accumu-
lates as a byproduct of remineralisation in the ocean interior. The relatively old water
masses upwelled off Peru therefore hold high concentrations of DOC. Although DOC
encompasses thousands of different compounds, the majority of the deep ocean DOC is

relatively stable and refractory and is not believed to play a major role in microbial energy
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cycling (Hansell ef al. 2009). However, once the sunlight penetrates into water that has
not received solar irradiance for several hundred years, it is possible that at least a fraction
of the DOC is broken down by UV radiation and is made bio-available. The major source
of DOC comes from phytoplankton itself, that can leak DOC either actively, due to over-
production and exudation of organic carbon (Wohlers ez al. 2009), or due to cell breakage.
Under N limited conditions, phytoplankton tends to exude DOC and accumulate more car-
bon relative to nitrogen in their cellular material. The same effect has been described for
non limited production under high CO, concentrations (Riebesell er al. 2007). This accu-
mulation of reduced carbohydrates in the ocean surface certainly has the potential to fuel
heterotrophic productivity and surface dwelling heterotrophic diazotrophs in the southern
Peruvian upwelling, both N-limited and with high CO, concentrations.

The detection of high abundances of diazotrophs actively fixing N, in the meso-
pelagic ocean, inside the oxygen minimum zone, where nitrate is available at high con-
centrations, cannot be explained by the classical niche concept of diazotrophs. In chapter
2.1 the bioenergetic requirements of N, fixation under different concentrations of oxygen
were analyzed. Thus, under low oxygen concentrations the fixation of N, could be con-
sidered energetically more advantageous than the uptake of nitrate. Although the specific
model organism used was Crocosphaera watsonii, a phototrophic diazotroph, the results
may also apply to heterotrophic organisms. The concentration of oxygen that would favor
the switch from nitrate assimilation to N, fixation would be determined by the size and
respiration rate of the organism in question. This concept of an alternative niche for dia-
zotrophs presents a theoretical basis for the observed abundance of diazotrophs in OMZs
(chapter 2.3).

Thus, the proposed niches of diazotrophy in the Peruvian upwelling system are
threefold: First, heterotrophs living in the surface on the carbon overproduction of N-
limited phytoplankton and secondly, heterotrophs living inside the OMZ on sinking or-
ganic matter that is enriched in carbon due to the above named effects. In regions of com-
plete N-loss the N, fixation rates were the highest measured in the system. This blooming
of diazotrophs in regions with high P* values (high N-loss) represents the third niche of
diazotrophy in the Peruvian upwelling system. The result of this diazotrophy should be
a drawdown in P concentrations without concomitant reduction of the N concentrations
(lowering P*), therefore this last type of diazotrophy generates the effect predicted by
Deutsch et al. 2007. Upwelling areas certainly represent a very interesting niche for di-
azotrophs that requires further in depth research. Previously undiscovered diazotrophs
and niches of diazotrophy such as those described in chapter 2.1 and 2.3 may help to fill
the proposed gap between the N-input via N, fixation and the N-loss via denitrification
and anammox (Codispoti 2007) and the gap between global N, fixation estimates derived

from distribution of geochemical tracers and those derived from actual measurements
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(Mabhaffey et al. 2005).

The last chapter of this thesis dealt with an additional reason for the gap in the
N-cycle which has a more subtle origin: The variable underestimation of N, fixation
rates by the 15N2 tracer addition method as described in chapters 2.4 and 2.5. Since over
the last 15 years the method was used to assess N, fixation rates all over the oceans,
our budget calculations relying on direct measurements must have underestimated the
contribution of diazotrophs to the oceanic N input. Also the models and simulations,
designed to make predictions about the behavior of various parameters in the oceans of the
future are calibrated and tuned with input parameters obtained by direct measurements. To
understand how the 15N2 tracer assay could become an accepted method in oceanography
I would like to pose a rather philosophical question: What is the true N, fixation activity
of a liter of ocean water? We can measure the 15N2 uptake into the biomass contained in
this liter or the activity of acetylene reduction to ethylene in this liter. However, to ensure
that the measured value is accurate, i.e. close to the real N, fixation activity present in
this liter, we have to determine the accuracy of the method in question. In the absence of
any reference material, the measured rates of N, fixation in the past have been verified
by comparing the measured value against the expected activity, either by quantifying the
diazotrophs present (microscopy counts or nifH qPCR) or by doing 15N2 incubations in
parallel to acetylene reduction measurements.

The initial verification of the 15N2 tracer method was done by incubating field sam-
ples from the Baltic Sea against acetylene reduction measurements of the same samples
(Montoya et al. 1996). However, as briefly explained in the introduction of this thesis,
the acetylene reduction assay suffers from the same problem of the slow equilibration of
acetylene gas as does the 15N2 tracer assay. The authors of that initial study obtained a
value of mol acetylene reduced per mol N, fixed that was reasonably close to 4 (4.68),
the theoretically predicted value from electron stochiometry (8 electrons to produce NH;
and H, from ammonium, 2 electrons to reduce acetylene to ethylene), which was close
enough to make the method an oceanographic standard method. Since then there have
been reports on ratios measured between acetylene reduction assay and 15N2 tracer assay
that range from 1.5 to over 20 (Mohr et al. 2010a), which could in large parts rseult from
the slow equilibration effect.

Trichodesmium stands a long tradition as a known diazotroph and for a long time
was believed to be the only diazotroph in the marine environment that has a significant
impact on the global N-input (Capone et al. 1997). This most certainly relates to the
macroscopic aspect of Trichodesmium colonies, which can reach several millimeters in
length and accumulate in great numbers during bloom events. With the introduction
of molecular methods into biological oceanography, thousands of new organisms were
detected in the oceans capable of fixing N, (Zehr & McReynolds 1989, Gaby & Buck-

165



3 DISCUSSION

ley 2011), some of which have since repeatedly been detected during different research
cruises, often in numbers comparable to Trichodesmium (Langlois et al. 2008, Moisander
et al. 2010). In chapter 2.4 and 2.5 it was shown that the underestimation of N, fixation
rates by the 15N2 tracer assay is related to species composition and that Trichodesmium
dominated areas suffer less underestimation than areas dominated by other diazotrophs,
like the recently discovered unicellular cycanobacteria or y-proteobacteria. Thus, as long
as Trichodesmium dominated in the perception of the scientific community as the key dia-
zotroph in the marine realm, the ' N, tracer method produced N, fixation rates matching
the expectations, i.e. high rates in areas with high Trichodesmium numbers and low rates
in their absence.

As for other biological rate measurements, what is lacking in N, fixation research
is a true standard of N, fixation rate measurements. A standard should be any refer-
ence material that ideally yields the same value whenever measured under the same set
of conditions. In contrast to other areas of oceanography (chemical and physical) this
is difficult to achieve for rate mesurements with live microorganisms. However, work-
ing with the unicellular cyanobacterium Crocosphaera watsonii WH8501, I was always
impressed about its steady growth and N, fixation rates compared to other cultured ma-
rine diazotrophs, like Trichodesmium. Once the dissolution method, explained in chapter
2.4 and 2.5 of this thesis, was developed, it allowed for the first time an entirely closed
N budget of C. watsonii, where the measured N, fixation rates matched the observed N
increase in biomass over the day (chapter 2.5, supplementary material). Therefore, a de-
fined number of C. watsonii cells growing under defined light and temperature conditions
in N-free medium could serve as a standard, for new methods testing and intercalibration
excercises.

A standard like described above would help to make the results obtained by different
research groups in different ocean areas comparable to each other and hopefully lead to
the full resolution of the N, fixation activity in the marine environment. Since we are
only beginning to understand the importance of the newly discovered diazotrophs in the
marine ecosystem it should be of major interest to have a method available capable of
resolving the full extent of N, fixation, even by groups not yet discovered or that only get

minor importance ascribed.
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