
Nitrogen Assimilation by Aquatic
Prokaryotes

Dissertation zur Erlangung des Doktorgrades der Naturwissenschaften
- Dr. rer. nat. -

im Fachbereich Biologie/Chemie der Universität Bremen

Vorgelegt von
Hannah Halm

am
03. Juli 2009

1. Gutachter: Prof. Dr. Rudolf Amann
2. Gutachterin: Prof. Dr. Julie LaRoche



2



Erklärung

Hiermit versichere ich, dass ich die vorliegende Arbeit selbstständig verfasst und keine anderen
als die angegebenen Quellen und Hilfsmittel benutzt habe, dass alle Stellen der Arbeit, die
wörtlich oder sinngemäßaus anderen Quellen übernommen wurden, als solche kenntlich gemacht
sind und dass die Arbeit in gleicher oder ähnlicher Form noch keiner Prüfungsbehörde vorgelegt
wurde.

Bremen, den 03. Juli 2009 Hannah Halm



4



Summary

In wide areas of the worlds oceans, nitrogen controls the primary production. Nitrogen occurs
in biological available forms as organic (e.g. amino acids) and inorganic (e.g. ammonium or
nitrate) compounds. With 78% of the atmosphere N2 is the largest N-pool. But due to the triple
bond it is very stable and not available to most organisms. Only those with a special enzyme,
the nitrogenase, are able to use this inexhaustible source of N. This thesis is focused on the
uptake of nitrogen through dissolved inorganic and organic nitrogen assimilation and biological
nitrogen fixation.
Lake Cadagno, a permanently stratified lake in Switzerland, was taken as model system for sub-
oxic or anoxic lacustrine environments. The water body is structured into three distinct layers,
the oxic mixolimnion at the surface, the anoxic monimolimnion at the bottom, and a narrow
chemocline in between the two layers. The stratification is stabilized by density differences, due
to the constant supply of salt-rich water through subaquatic springs to the monimolimnion [19].
In the chemocline there is a microbial community dominated by populations of green and purple
sulphur bacteria [67, 68]. Two ways of N-assimilation were investigated under different point of
views.
Uptake of ammonium and dissolved inorganic carbon by anaerobic phototrophs was investigated
at the single cell level. In this study a novel method has been developed and applied, the Halo-
gen In Situ Hybridization-Secondary Ion Mass Spectrometry (HISH-SIMS). This method allows
simultaneous phylogenetic identification and quantification of metabolic activities of single mi-
crobial cells in the environment based on nanometer-scale secondary ion mass spectrometry.
Using HISH-SIMS, individual cells of the anaerobic, phototropic bacteria Chromatium okenii,
Lamprocystis purpurea and Chlorobium clathratiforme inhabiting Lake Cadagno, have been ana-
lyzed with respect to H13CO−3 and 15NH+

4 assimilation. The results showed huge differences in
uptake rates between the species as well as between individual microorganisms belonging to the
same species. Furthermore, C. okenii, the least abundant species, representing about 0.3% of
the total microbial abundance, contributed more than 40% of the total ammonium and 70% of
the total carbon uptake in the system, thereby emphasizing that inconspicuous microbes can
play a significant role in the nitrogen and carbon cycles in the environment.
Until recently it was believed that pelagic N-loss and N-gain are spatially separated, with N-loss
occurring in the oxygen minimum zones (OMZ) and N2-fixation occuring in the oligotrophic
gyres of the Ocean. However, a recent model by Deutsch and colleagues [20] predicts a closer
spatial link than known so far, but an environmental proof for aquatic environments is missing
so far. In Lake Cadagno the spatial link between nitrogen fixation and denitrification was ex-
plored. N-gain and N-loss were found in the chemocline at the same time. In the upper oxic
freshwater zone inorganic nitrogen concentrations were low (up to ∼3.4 µM nitrate at the base of
the oxic zone), while in the lower anoxic zone there were high concentrations of ammonium (up
to 40 µM). Between these zones, a narrow zone was characterized by no measurable inorganic
nitrogen, but high microbial biomass (up to 4×107 cells ml−1). Incubation experiments with
15N-nitrite revealed nitrogen-loss occurring in the chemocline through denitrification (∼3 nM
N h−1). At the same depth, incubations experiments with 15N2 and 13C-labeled bicarbonate,
indicated substantial N2-fixation (31.7- 42.1 pM h−1) and inorganic carbon assimilation (40- 85
nM h−1). CARD-FISH and sequencing of 16S rRNA genes showed that the microbial commu-
nity at the chemocline was dominated by the phototrophic green sulphur bacterium Chlorobium
clathratiforme. Phylogenetic analyses of the nifH -genes expressed as mRNA revealed a high
diversity of N2-fixers, with the highest expression levels right at the chemocline. The majority
of N2-fixers were related to C. tepidum/C. phaeobacteroides. By using HISH-SIMS N2-fixation
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in the environment could be linked directly to Chlorobium for the first time. Moreover, the
results showed that N2-fixation could partly compensate for the N-loss and that both processes
occur at the same place at the same time.

The South Pacific Gyre is the largest and most unexplored subtropical gyre on earth. Nitrogen
assimilation in the upper 200 m of the water column of the oligotrophic gyre was investigated
at 11 stations during R/V Revelle Cruise (KNOX02RR, December 2006- January 2007) using a
combination of biogeochemical and molecular biological methods. Seven stations were situated
along a zonal axis in the centre of the gyre, while the second half of the cruise crossed into
the less oligotrophic waters along the southern edge. In the gyre, concentrations of dissolved
inorganic nitrogen (ammonium and nitrate) and phosphate were close to detection limit (<0.08
µM). Maxima in chlorophyll a concentrations of 0.15 to 0.36 µM Chl l−1 were situated between
100 m and 200 m depth. Primary production is mainly limited by nitrogen or phosphate avail-
ability. Incubation with 15NH+

4 and 15N-leucine stimulated total primary production, which
indicated N-limitation in the gyre. At the same time this suggests that phosphate is abundant,
and N2-fixing organisms were limited by another nutrient, like iron or molybdenum. 15N2 incu-
bation experiments yielded nitrogen fixation rates (0.001 and 0.19 nM N h−1) in both light and
dark conditions at almost all stations and throughout all depths measured. Primary production,
which decreased from the southern edge towards the centre of the gyre was mainly fueled by
nitrogen fixation. The limiting factor of N2-fixation at the southern edge was not apparent.
Phylogenetic analyses of nifH gene expression at four stations obtained by RT-PCR revealed a
dominant abundance of γ-Proteobacteria, and a small cluster of the cyanobacterial group related
to Group A (UCYN-A), while autrotrophic cyanobacteria were not apparent. We conclude that
in the ultra-oligotrophic South Pacific Gyre N2-fixation is a major source of oceanic new ni-
trogen. Furthermore, the dominance of photoheterotrophic and heterotrophic diazotrophs and
the absence of detectable autotrophic N2-fixing bacteria implicated that a hitherto unknown
bacterial community structure exists in these ultra-oligotrophic waters.
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Zusammenfassung

In weiten Teilen der Weltmeere kontrolliert Stickstoff die Primärproduktion. Stickstoff kommt
in der Umwelt in verschiedenen biologisch verwertbaren organischen und anorganischen Verbin-
dungen vor. Das gasförmge N2 macht dabei mit 78% der Atmosphäre den größten Teil aus.
Durch die Dreifachbindung zwischen den Stickstoffatomen ist es sehr reaktionsträge, und kann
deshalb von den meisten Organismen nicht verwertet werden. Nur Mikroorganismen mit einem
speziellen Enzym, der Nitrogenase, können die schier unerschöpfliche Quelle an Stickstoff für
sich nutzen. Diese Arbeit konzentriert sich auf die Aufnahme von gelösten organischen und
anorganischen Stickstoffverbindungen und der biologischen Stickstofffixierung durch Prokaryon-
ten.
Der See Cadagno in der südlichen Schweiz ist ein permanent geschichteter See, der als ein
Modellsystem für suboxische und anoxische Süßwasserbiotope verwendet wird. Der Wasserkör-
per ist in drei Schichten unterteilt. An der Oberfläche befindet sich das oxische Mixolimnion,
am Grund des Sees das anoxische Monimolimnion. Dazwischen befindet sich eine dünne Schicht,
die Chemokline. Da durch unterirdische Quellen am Grund ständig salzhaltiges Wasser in das
Monimolimnion fließt, ist die Schichtung durch Dichteunterschiede stabil. In der Chemokline
gibt es ein großes Vorkommen an Grünen- und Purpurschwefelbakterien. Von drei verschiede-
nen Arten dieser anaeroben phototrophen Bakterien wurde die Aufnahme von Ammonium
und gelösten anorganischem Kohlenstoff auf Einzel-Zell-Ebene untersucht. In dieser Studie
wurde eine neue Methode entwickelt und angewandt, die Halogen In Situ Hybridisierung-
Sekundärionen-Massenspektrometrie (HISH-SIMS). Es erlaubt die gleichzeitige phylogenetische
Erkennung von Arten und die Bestimmung der Stoffwechselaktivitäten einzelner Zellen in Umwelt-
proben. Durch die Anwendung dieser Methode wurde die Aufnahme von H13CO−3 und 15NH+

4
von einzelnen Zellen der anaeroben, phototrophen Bakterien Chromatium okenii, Lamprocys-
tis purpurea und Chlorobium clathratiforme analysiert, die in der Chemokline von Cadagno zu
finden sind. Die Ergebnisse zeigten große Schwankungen zwischen den Aufnahmeraten der ver-
schiedenen Arten, aber auch zwischen einzelnen Zellen einer Art. Darüber hinaus wies das Bak-
terium mit dem geringsten Vorkommen, C.okenii (etwa 0.3% der Gesamtzellzahl), die höchste
Aufnahmeraten von Ammonium (40% der Gesamtaufnahme von Ammonium) und von Kohlen-
stoff (70% der Gesamtaufnahme von Kohlenstoff) auf. Die Ergebnisse zeigen, dass Mikroben
eine bedeutende Rolle im Stickstoff- und Kohlenstoffkreislauf spielen können, auch wenn sie nur
in geringer Zahl vorkommen.
Bis vor kurzem ging man davon aus, dass die pelagischen Gebiete von Stickstoffquellen und
Stickstoffsenken räumlich getrennt sind. In Sauerstoffmangelzonen (OMZ) kommen Prozesse
wie Denitrifizierung und Anammox vor, die beide gebundenen Stickstoff in N2 umsetzen und
damit als Senke dienen, während in den großen oligotrophen subtropischen Wirbeln häufig Stick-
stofffixierung vorkommt, das neuen Stickstoff verfügbar macht. Das Modell von Deutsch et al.
[20] sagt dagegen ein engeres räumliches Verhältnis zwischen Gebieten von Stickstoffquellen
und -senken voraus, als bisher bekannt. Ein Beweis dafür ist bisher aber noch nicht erbracht
worden. Im Cadagno See wurden in der Chemokline zur gleichen Zeit Stickstofffixierung und
-verlust durch Denitrifizierung gefunden. In der oberen Süßwasserschicht waren die anorgani-
schen Stickstoffkonzentrationen gering (bis zu 3.4 µM Nitrat an der unteren Grenze der oxischen
Zone), während in der tieferen anoxischen Schicht die Ammoniumkonzentration bis zu 40 µM
erreichte. In der Mitte der Chemokline war eine schmale Zone ohne messbaren anorganis-
chen Stickstoff, in der sich aber gleichzeitig die größte Biomasse befand (bis zu 4×107 Zellen
ml−1). Inkubationsversuche mit 15N-Nitrit ergaben einen Stickstoffverlust durch Denitrifizierung
(∼3 nM N h−1). In der gleichen Tiefe zeigten Inkubationen mit 15N2 und 13C-Bicarbonat

7



Stickstofffixierung und anorganische Kohlenstoffaufnahme. CARD-FISH und Sequenzierung
von 16S rRNA Genen zeigten, dass das Grüne Schwefelbakterium Chlorobium clathratifome
die Bakteriengesellschaft dominierte. Phylogenetische Untersuchungen von nifH -Genen und
deren Expression ergab eine hohe Vielfalt von Stickstofffixierern, mit der höchsten Aktivität
in der Chemokline. Die Mehrzahl der Stickstofffixierer waren nahe verwandt mit C.tepidum/C.
phaeobacteroides. Durch die Anwedung von HISH-SIMS konnte das erste mal ein direkter Bezug
zwischen Chlorobium und Stickstofffixierung gezeigt werden. Darüber hinaus ergab diese Studie,
dass Stickstofffixierung einen Teil des Stickstoffverlustes durch Denitrifizierung ausgleichen kann.

Der Südpazifische Wirbel ist der größte subtropische Wirbel, über den gleichzeitig am wenigsten
bekannt ist. Während der Ausfahrt KNOX02RR auf der R/V Roger Revelle wurde die Auf-
nahme von Stickstoffverbindungen an 11 Stationen in den oberen 200 m der Wassersäule mit
einer Kombination aus biogeochemischen und molekularbiologischen Methoden untersucht. Die
Ausfahrt war in zwei Transekte aufgeteilt, der erste führte mit 7 Stationen entlang der Achse
des Wirbels zum Zentrum, der zweite Transekt untersuchte den südlichen Rand des Wirbels. Im
Zentrum waren die Konzentrationen von Ammonium, Nitrat und Phosphat an der Grenze des
Messbaren. Die Chlorophyllmaxima befanden sich in einer Tiefe von 100 bis 200 m mit Konzen-
trationen zwischen 0.15 und 1.36 µM Chl l−1. Die Primärproduktion wird in der Regel von
Stickstoff oder Phosphat begrenzt. Zugabe von 15NH+

4 und 15N-Leucin regte das Wachstum und
die Primärproduktion an und zeigte damit eine Stickstofflimitierung im Zentrum des Wirbels.
15N2-Inkubationen erbrachten Stickstofffixierungsraten sowohl im Licht wie auch im Dunkeln
(zwischen 0.001 und 0.19 nM N h−1) an nahezu allen Stationen und Tiefen. Die Primärproduk-
tion nahm von der Randzone zum Zentrum hin ab. Der größte Teil des benötigten Stickstoffs
wurde durch N2-fixierung geliefert. Am südlichen Rand des Wirbels konnte keine Stickstoffli-
mitierung festgestellt werden. Phylogenetische Analysen von nifH -Genexpression ergaben eine
dominante Präsenz von heterotrophen γ-Proteobakterien und einer kleinen Gruppe von Sequen-
zen die mit Group A (UCYN-A) nahe verwandt war, einer Gruppe einzelliger Cyanobakterien
die nicht in der Lage sind Photosynthese zu betreiben. Andere Cyanobakterien traten nicht
auf. Der Südpazifik ist ein ultra-oligotropher Lebensraum, in dem Stickstofffixierung die Haupt-
stickstoffquelle ist. Die Dominanz von photoheterotrophen und heterotrophen Stickstofffixierern
und die Abwesenheit von Cyanobakterien deuten an, dass es sich hierbei um eine bislang nicht
bekannte Bakteriengesellschaft handelt.
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1 Introduction

1.1 Biological pump

CO2 is a green house gas that influences climate on geological timescales. Through its capability
of taking up CO2, the ocean controls the CO2 content of the atmosphere and acts as buffer for
changes in CO2 concentration in the atmosphere [12]. The exchange of CO2 between the atmo-
sphere and the ocean occurs in several ways. One important process is the "solubility pump".
It occurs when warm surface water is transported from low latitudes (tropical regions) to high
latitudes (polar regions). On the way the water cools down and dissolves more CO2 from the
atmosphere. Moreover, it becomes denser and sinks down, in some regions to the bottom of the
sea, carrying dissolved CO2 with itself [12].
Another important process is the "biological pump". Due to its chemical reactivity CO2 is highly
soluble in water. At normal pH of seawater, most of the dissolved CO2 exists as bicarbonate
ions (HCO−3 ) [72]. The dissolved CO2 is taken up by phototrophic organisms like phytoplankton
to synthesize organic matter, a part of which is exported to deeper water layers. There organic
matter is remineralized by heterotrophic organisms, resulting in the release of inorganic carbon
back to the seawater. This cycle of carbon fixation, sedimentation of particulate carbon and
particle recycling can continue until further nutrients, which are necessary for photosynthesis,
have been used up in the euphotic zone. The two main (macro) nutrients are phosphorous (P)
and nitrogen (N). A portion of these nutrients is recycled in the surface layer, thereby supporting
"regenerated" production, while the remainder, which should equal the external nutrient supply
to the euphotic zone, is exported to the subsurface water column [49].
Vertical profiles of nutrients in the ocean typically show low concentrations in warmer surface
waters due to biological uptake, a maximum at intermediate depths due to bacterial reminera-
lization of organic matter falling through the water column, and then an exponential decay with
depth, as the organic matter becomes progressively less labile (Fig 1.1). Utilization of dissolved
oxygen during the microbial degradation of organic matter also produces an oxygen minimum
close to the depth of nutrient maxima [9]. This oxygen minimum is particularly pronounced
in oceanic regions where nutrient-rich deepwater is carried upwards to the surface through the
process of upwelling, thereby stimulating primary production.
The production of organic matter in the ocean is sustained by continuous supply of essential
macro- (N, P) and micronutrients (Fe, Mo). According to Liebig’s law, organic matter produc-
tion is controlled by the element that is available in the lowest concentration relative to the needs
for growth [69, 2]. In the early part of the twentieth century, Alfred Redfield noticed that the
elemental composition of plankton was strikingly similar to that of major dissolved nutrients in
the deep seawater [63]. The Redfield C:N:P atomic ratio of 106:16:1 is often used as benchmark
for differentiating potential N-limitation from P-limitation [26, 69, 48]. It is assumed that at
N:P < 16 phytoplankton are N-limited, while at N:P>16 they are P-limited.
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1 Introduction

Figure 1.1: The nitrogen cycle and its link to the biological pump; Source: Jensen, Lam, Kuypers, 2007

1.2 N-cycling in aquatic systems

Nitrogen is the limiting nutrient for biological production in many terrestrial, freshwater and
marine environments [9, 24]. The cycling of nitrogen within a system is composed of multiple
transformations catalyzed primarily by microbes. The aquatic nitrogen cycle can be summed
up into following processes (Fig 1.2):
During nitrogen fixation ammonium is formed and incorporated into glutamate. In the or-
ganic matter, nitrogen predominantly occurs in the reduced amino-form, mainly in proteins and
nucleotides [9]. When these compounds are hydrolyzed and catabolised by heterotrophic orga-
nisms, nitrogen gets liberated in the form of NH+

4 (ammonification), that can be reassimilated
and incorporated by a variety of aerobic and anaerobic organisms [9]. Ammonification occurs in
oxic and anoxic aquatic systems, always in conjunction with heterotrophic carbon mineralization
[35]. Alternatively, ammonium can be oxidized via nitrite to nitrate (nitrification) by nitrifying
microorganisms under oxic conditions [35, 9]. Nitrification links the most reduced and the most
oxidized forms of the nitrogen cycle, and it exerts considerable influence on nitrogen dynamics
in aquatic environments.
Dissimilatory nitrate reduction is a microbial process, in which NO−3 is reduced by various elec-
tron donors by an energy-gaining metabolism in the absence or near absence of O2. There are
three different pathways: 1) Denitrification is the reduction of nitrate to gaseous products such
as N2O and N2. It is a major sink in the nitrogen cycle [33, 20]. 2) The second important sink
for fixed nitrogen is the reduction of nitrate to N2 coupled to the oxidation of NH+

4 (Anammox)
[43]. For chemolithoautotrophic organisms this process is energetically as favourable as oxic
nitrification [44, 42]. Anammox takes place in oxygen depleted zones of the oceans (oxygen
minimum zones, OMZ) and in the anoxic hypolimnia of lakes [9]. In the next paragraph these
two processes will be elaborated in more detail. 3) The reduction of nitrate to ammonium is
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1.2 N-cycling in aquatic systems

termed dissimilatory nitrate reduction to ammonium (DNRA). DNRA is used by organisms to
detoxify NO−2 , and in some cases as an electron sink during fermentation. DNRA can occur
under the same conditions as denitrification, but DNRA retains reactive nitrogen within the
environment, because biologically inert gases (N2 and N2O) are not produced [31, 46].

Figure 1.2: Nitrogen-cycle by Arrigo (2005) [2], modified by Lam et al. (2007) [45]

Nitrogen sources and sinks
The major processes responsible for nitrogen input to aquatic environments is nitrogen fixa-
tion, while the major loss happens through denitrification and anammox. Denitrification is a
metabolic process which is slightly less energetically favourable than aerobic respiration and
occurs primarily in regions of low O2 concentrations [20]. Anammox can be responsible for a
substantial N-loss in oxygen minimum zones [43]. There, globally 30 to 50% of the total N-loss
occurs [43]. Other minor pathways of nitrogen loss are the burial as organic N and the mineral
bound ammonium in sediments [9].
In addition to N2-fixation, the other processes that make up for the losses of reactive N from
the marine environment are river runoff, which dominates the coastal zones [37], and atmo-
spheric deposition, which delivers reduced and oxidized compounds to the ocean surface [23].
An overview of the contributions of different N source and N-loss processes to the N budget is
provided in Table 1.1.
In general, N2-fixation is believed to occur predominately in areas having low fixed nitro-

gen concentrations in surface waters, such as the oligotrophic gyres in the subtropic oceans.
However, coupled oceanographic-biogeochemical models indicate that N2-fixation may also be
important in the vicinity of oxygen minimum zones (OMZs), where large amounts of fixed in-
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1 Introduction

Table 1.1: Fixed N-budget for present day ocean, presented by Gruber and Sarmiento (1997) [33], and
modified after Codispoti et al. (2001) [16]

Process Gruber and updated values from
Sarmiento (1997) [33] Codispoti et al. (2001) [16].

[Tg N a−1] [Tg N a−1]

Sources
Pelagic N2 fixation 110 ± 40
Benthic N2 fixation 15 ± 10
River input (DN) 34 ± 10
River input (PON) 42 ± 10
Atmospheric deposition (Net) 30 ± 5
Atmospheric deposition (DON) 67 a

Total Sources 231 ± 44 287

Sinks
Organic export 1 b

Benthic N2-productionc 95 ± 20 300
Water column N2-productionc 80 ± 20 150
Sedimentation 25 ± 10
N2O loss 4 ± 2 6

Total sinks 204 ± 30 482

a Average atmospheric organic N (mostly anthropogenic) deposition value
by Duce et al. (2008)[23]
b Accounts for losses due to fishing and guano deposition (Söderlund and Svensson, 1976 [66],
Codispoti and Christensen, 1985 [17])
c N2-production through N-loss due to anammox and denitrification
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1.3 Nitrogen assimilation through nitrogen fixation

organic nitrogen are lost as N2 due to the activity of anammox bacteria and denitrifiers [21].
For the eastern Pacific, Deutsch and collegues [20] modelled a loss of 48 ± 5 Tg N a−1 through
pelagic denitrification and of 15 ± 3 Tg N a−1 by sedimentary denitrification. Therefore, a
nitrogen fixation rate of 59 ± 14 Tg N a−1 would be needed if the losses were to be regionally
compensated; this is consistent with the estimate of Gruber and collegues [33].

1.3 Nitrogen assimilation through nitrogen fixation

Nitrogen fixation in aquatic environments

The growth of all organisms depends on the availability of mineral nutrients. Nitrogen is impor-
tant because it is an essential constituent of proteins, nucleic acids or other cell compartments
[76]. The atmosphere consists of ca. 79% N2, but to most of the organisms this molecule is
not accessible because of a triple bond, which has a very high bond dissociation energy [76].
In nitrogen depleted environments organisms capable of fixing nitrogen (diazotrophs) have an
advantage because their growth is not limited by the availability of nitrogen compounds. In
nitrogen-replete environments diazotrophs are often outcompeted since it takes a lot of energy
to split the triple bound.

The nitrogenase enzyme and gene complex

Microorganisms use the evolutionary conserved nitrogenase protein complex to fix nitrogen [37].
The nitrogenase enzyme is composed of two multi-subunit metallo-proteins. The first component
is the denitrogenase which contains the active site for N2 reduction, and has a molecular weight
of 250 kDa. It is composed of two heterodimers, encoded by the nifD and nifK genes. The
denitrogenase- reductase is the second component. It delivers the energy for the split up of the
triple bond to the denitrogenase and coupling ATP hydrolysis to interprotein electron transfer.
The molecular weight is about 70 kDa, and it is composed of two identical subunits encoded by
the nifH gene. In both components Fe-S centres are coordinated between the subunits.
’Conventional’ nitrogenases contain molybdenum (Mo) in the Fe-S centre bridging the subunits
[76]. ’Alternative’ nitrogenases replace Mo with V (vnfH ), and ’second alternative’ nitrogenases
replace Mo with Fe (anfH ). The nitrogenase needs 16 ATP and eight electrons per molecule to
split up one N2 molecule. The enzyme in vitro is very sensitive to deactivation by oxygen [76].
The study of nitrogenase diversity has been largely based on the phylogenetic analyses of nifH
gene sequences [77] and sometimes nifD [70]. It is not clear how consistent the phylogenies of
nifH, D and K are [22]. There are relatively few nifD and K sequences available, so the use of
these genes for phylogenetic comparisons is at the moment limited [76].
The nifH sequence database is rapidly expanding and is currently composed of about 15000
sequences, most of which have been obtained from environmental samples. The nitrogenase
gene clusters into four basic groups designated as Clusters I- IV by Chien and collegues [13].
Cluster I consists of the ’conventional’ Mo-containing nifH and some vnfH. The cyanobacterial
nifH genes cluster together and build a subcluster within Cluster I, although sequences from
some unicellular and filamentous non-heterocystous cyanobacteria form deep branches [76]. The
proteobacteria nifH sequences form a number of distinct clusters that correspond approximately
with ribosomal RNA phylogeny [76]. The α and γ proteobacterial clusters are generally well
defined although some cultivated microorganisms do not consistently cluster within the appro-
priate group [76]. In Cluster II occur the ’second alternative’ non-Mo, non-V containing anfH
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1 Introduction

as well as nitrogenases from some Archaea [76]. Cluster III consists of nifH sequences from a di-
verse group of distantly related microorganisms many of which are strict anaerobes and include
sequences from gram-positive bacteria, δ-proteobacteria, green sulphur bacteria and Archaea.
These organisms are mostly, if not all, strict anaerobes. This cluster is characterized by deep
bifurcations and long branch lengths, and the distances between sequences are large relative
to distances within Cluster I [76]. Cluster IV is a divergent loosely coherent group of nif -like
sequences from Archaea and distantly related chlorophyllide reductase genes [76].

Nitrogen fixing bacteria

Nitrogen fixing prokaryotes utilize a wide variety of different energy metabolisms, including
oxygenic photosynthesis, sulphate reduction, methanogenesis, anoxygenic photosynthesis, and
chemolithoautotrophy [9]. Some groups of nitrogen fixing bacteria which are relevant to the
present study are described in greater detail below.

Cyanobacteria

Cyanobacteria are a diverse group of photosynthetic prokaryotes. They exist as simple unicellu-
lar organisms, branched and unbranched filamentous forms, and strains with a more elaborate
branched filamentous structure [27]. In the marine environment, they occur in heterocystous
and non-heterocystous forms. Heterocysts are complex cellular systems, with a finely regulated
anaerobic microenvironment for the efficient function and protection of nitrogenase [27]. Within
non-heterocystous cyanobacteria, no universal strategy has been revealed to prevent nitroge-
nase from inactivation by oxygen [27]. Nitrogen fixation is commonly associated with certain
cyanobacteria that inhabit the warm, sunlit surface waters of low latitude oceans [51].
Strains of the filamentous non-heterocystous cyanobacterium Trichodesmium are widely dis-
tributed in the tropical oceans [3]. Trichodesmium occurs as single trichoms which can form
aggregates of variable size up to several millimeters (Fig 1.3) [3]. In waters with temperatures
of more than 25◦C they can form massive blooms, which are regularly found in the tropical At-
lantic, eastern Pacific and the Arabian Sea [73]. Global nitrogen fixation rates by Trichodesmium
blooms are estimated to be about 42 Tg N a−1, which is biogeochemically significant on regional
and global scale [73]. Under non-blooming conditions there is a further estimated addition of
20 Tg N a−1 [73]. Capone and collegues [11] even estimated a contribution by Trichodesmium
to global annual nitrogen fixation to be at 80 Tg N a−1.

It has been proposed that unicellular cyanobacteria are also capable of high rates of N2-
fixation, especially in oligotrophic marine ecosystems [25, 56]. These small organisms belong to
the pico- and nanoplankton size categories, with cell sizes of 2.5 µm reported from the Atlantic,
and 3 to 7 µm in the Pacific [25, 56]. One group of unicellular cyanobacteria has been in the focus
of recent research. The "Group A" or UCYN-A [78] which is most closely related to Cyanothece
sp. [74] and to a cyanobacterium living in symbiosis with the diatom Rhopalodia gibba [62], has
been reported from the Atlantic [47, 36], the Pacific ([29, 14, 15]; see also Chapter 4), and the
Red Sea [30]. It has recently been shown that the photosystem II is missing in these organisms,
and it has been assumed that they are photoheterotroph, which means that they use light for
energy but cannot use CO2 as carbon source [74]. This would impact the N-budget in particular,
because in this case N2-fixation is contributed to the environment independently from the C-
uptake of these organisms [74]. Needoba and collegues estimated a global contribution of new N

16



1.3 Nitrogen assimilation through nitrogen fixation

Figure 1.3: Hundreds of cells build a filament, and filaments aggregates with other filaments to
form floating colonies. Source:http://www.soest.hawaii.edu/oceanography/courses/
OCN626/index.html

by unicellular diazotrophs between 3.6 and 12.6 Tg N a−1, with Group A being the most active
nitrogen fixer [59].

Anaerobic phototrophs

Purple sulphur bacteria are γ-Proteobacteria, which are generally found in illuminated anoxic
zones of lakes and other aquatic habitats, where H2S accumulates, in "sulphur springs", where
geochemically or biologically produced H2S occurs, and also in the top millimetres of shallow
aquatic sediments. There they can sometimes be detected in the anoxic zone, underlying the
layers of oxygenic phototrophs [38].They are capable of photosynthesis, but instead of H2O they
use hydrogen sulphide (H2S) as proton donor [7]. Purple sulphur bacteria are known to fix
nitrogen only under light conditions.

Green sulphur bacteria are a family of obligate anaerobic phototrophic bacteria, most closely
related to Bacteriodes. Due to their adaption to low light intensities and high sulphide concentra-
tions [5], green sulphur bacteria prevail in deeper anoxic layers of lagoons and lakes, in the Black
Sea as well as the top millimetres in sediments with oxic/anoxic boundary [64, 71]. Within the
green sulphur bacteria, the ability of nitrogen fixation is known for several species of Chlorobium,
and for single species of the genera Pelodictyon, Prosthecochloris and Chloroheroeton [4, 34, 65].

Gammaproteobacteria in open oceans

γ-Proteobacteria are heterotrophic or photoheterotrophic bacteria. Only a small part is capable
of nitrogen fixation, and those appear regularly in diazotrophic communities, albeit in low
abundance [6, 25, 75]. Some organisms have been reported from several oligotrophic oceanic
environments [29, 55, 30, 75, 6] and thus appear to be globally distributed. Although their
contribution to the nitrogen budget is unknown, their expression of the nitrogenase gene (nifH )
has been frequently reported [6, 30, 55, 77, 14]. They are often found within the photic zone,
indicating that they are likely heterotrophic and/or phototrophic [55].
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Figure 1.4: Fluorescence In Situ Hybridisation images of two purple sulphur bacteria Chromatium okenii
and Lamprocystis purpurea, and two types of green sulphur bacteria Chlorobium clathrati-
forme and C. phaeobacteroides. Source: Daniela Franzke

1.4 Other forms of nitrogen assimilation

Inorganic N uptake

Phytoplankton can use dissolved inorganic nitrogen (DIN) in the form of nitrate, nitrite, and
ammonium. Low concentration of these nitrogen compounds can limit the rate of primary pro-
ductivity, particularly in the oligotrophic gyres, but nitrogen can regulate productivity even in
coastal upwelling regions [32]. Vertical mixing and upwelling of nutrient-rich deep waters are
the major processes supplying nitrate to the oceanic surface layer [79]. Phytoplankton prefer
ammonium over nitrate, presumably due to additional energy and reductant necessary to reduce
nitrate to ammonium [79]. It has recently become clear that not all phytoplankton and bacteria
are able to use nitrate [79]. It is known that assimilatory nitrate reductase genes are dispersed
among marine bacterial strains as well as phytoplankton [1]. Thus, in complex microbial com-
munities the role of different microorganisms in the uptake of nitrate and ammonium differs due
to genetic as well as biochemical and physiological constraints.

Organic N uptake

Dissolved organic nitrogen (DON) includes a wide range of chemical compounds in varying sizes,
complexity, and resilience to degradation. DON can form a large pool in the surface ocean (3
to 7 µM [10]). Different bacterial communities preferentially utilize different DON, for exam-
ple prefer Cytophaga-like bacteria proteins, Prochlorococcus prefers dissolved methionine, and
α-Proteobacteria like dissolved free amino acids [18]. Although occurring in generally low con-
centrations, amino acids and urea are important components of the DON, that are readily used
by bacteria and some phytoplankton. The concentrations of dissolved amino acids in oligotro-
phic and mesotrophic oceans are <0.01 and >5 µM, respectively [28, 57].
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On average, up to 50% of the biomass of heterotrophic bacteria consists of proteins [40]. Hence,
amino acids are essential for heterotrophic bacteria and are an important source for carbon and
nitrogen [41]. Amino acids can be synthesised by the bacteria, assimilated or obtained by degra-
dation of organic material like proteins. The growth rates of bacteria correlates with the uptake
of N from dissolved free amino acids and ammonium [41]. Thymidine uptake characterizes the
rate of synthesis of nucleic acids, DNA in particular, and provides an estimate of the production
of bacterial cells. Leucine is used by the cells for protein synthesis, and hence leucine uptake is
a measure for the production of biomass [80].
The uptake of amino acids is influenced by light and dark conditions. For light incubations
compared with dark incubations Mary and colleagues [52] observed 23% increase in bacteria
and 50% in Prochlorococcus. The energy is directly transferred from ATP to be used for ad-
ditional powering of active amino acid uptake against the steep gradient of the subnanomolar
concentration found in seawater.
Recent studies indicate that a significant fraction of DON is composed of amide N and that
a fraction originates from bacterial cell walls [53, 54]. A large fraction of DIN assimilated by
phytoplankton can be released as DON within hours. Phytoplankton and cyanobacteria can
also assimilate small organic components. Thus the primary producers may not be restricted
by the DIN pool but may also be important consumers of DON as well [60, 61].
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1.5 Scope and framework

Figure 1.5: left: Lake Cadagno, Picture: Sandro Peduzzi; right: scheme of stratification of Lake Cadagno

About 12% of the dry weight of a microbial cell is nitrogen, e.g. in nucleid acids, amino acids,
or proteins [50]. Therefore nitrogen compounds are essential for bacterial growth. This thesis fo-
cuses on nitrogen uptake through nitrogen fixation and the assimilation of organic and inorganic
nitrogen species by microbial organisms. One aim is to investigate the occurence of N2-fixation
and to determine the amount of nitrogen fixation rates, the significance of its contribution as
source of new N to the global budget and the ability to balance the loss through processes like
denitrification or anammox. The responsible diazotrophic microorganisms, their diversity and
their abundance have been studied with molecular methods, and the activity in nitrogen fixa-
tion was set into relations with the obtained rates. Another aim is the uptake of organic and
inorganic nitrogen, the amount of uptake by the whole community, single populations, as well
as individual cells, and the determination of the relevance of these processes in the environment.
In Chapter 2, uptake of ammonium and dissolved inorganic carbon by anaerobic phototrophs
is investigated at the single cell level. In this study a novel method, the Halogen In Situ
Hybridization-Secondary Ion Mass Spectrometry (HISH-SIMS), has been developed and applied.
This method allows simultaneous phylogenetic identification and quantification of metabolic ac-
tivities of single microbial cells in the environment based on nanometer-scale secondary ion
mass spectrometry. Using HISH-SIMS, individual cells of the anaerobic, phototropic bacte-
ria Chromatium okenii, Lamprocystis purpurea and Chlorobium clathratiforme inhabiting the
oligotrophic, meromictic Lake Cadagno, were analyzed with respect to H13CO−3 and 15NH+

4
assimilation. Lake Cadagno is a model system for anoxic environments (Fig1.5). The water
body is structured into three distinct layers, the oxic mixolimnion at the surface, the anoxic
monimolimnion at the bottom, and a narrow chemocline in between the two layers [8]. The
stratification is stabilized by density differences due to the constant supply of salt-rich water
through subaquatic springs to the monimolimnion [19]. In the chemocline there is a microbial
community dominated by populations of green and purple sulphur bacteria [67, 68]. Our results
show huge differences in uptake rates between the species as well as between individual mi-
croorganisms belonging to the same specie. Furthermore, C. okenii, the least abundant species
representing about 0.3% of the total microbial abundance, contributed more than 40% of the
total ammonium and 70% of the total carbon uptake in the system, thereby emphasizing that
inconspicuous microbes can play a significant role in the nitrogen and carbon cycles in the en-
vironment.
In Chapter 3, the spatial link between nitrogen fixation and denitrification is explored in Lake
Cadagno. Untill recently it was believed that pelagic N-loss and N-gain are spatially separated,
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with N-loss occurring in the oxygen minimum zones (OMZ) and N2-fixation occuring in the
oligotrophic gyres of the Ocean. However, a recent model by Deutsch and collegues [20] predicts
a closer spatial link than known so far, but an demonstration that this occurs for aquatic envi-
ronments is missing so far. In Lake Cadagno, N-gain and N-loss were found in the chemocline at
the same time. Although the bacterial community in the chemocline was mainly fuelled by am-
monium diffusing upward from deeper anoxic waters, N2-fixation partially compensated for the
N-loss via denitrification. The phylogenetic analyses of 16S rRNA revealed a diverse community
dominated by C. chlathratiforme, as also shown in Chapter 2. The diversity of nifH and qPCR
showed another green sulfur bacteria, C. phaeobacteroides, to be the main N2-fixing organism.
These organisms were directly linked to N2-fixation by HISH-SIMS.

Figure 1.6: Satellite picture showing Chlorophyll a concentration in the Pacific ocean. Source: SeaWiFs

In Chapter 4, the physico-chemical and nutrient conditions prevailing in the western part of
the centre of the South Pacific Gyre as well as at the southern edge are studied. The subtropical
gyres are extensive coherent regions that occupy around 40% of the Earth’s surface [39]. The
circulating water mass is driven by wind, which affects the upper kilometer of the waterbody.
Due to the Coriolis effect, the subtropical gyres circulate clockwise in the northern hemisphere
and counterclockwise in the southern hemisphere. The downwelling of this circulating water
mass prevents the input of new, nutrient rich water. As a consequence, the gyres are nutrient
depleted and characterized by low primary production (Fig.1.6). Such an oligotrophic habitat
provides an ideal niche for diazotrophs. Indeed, in the North Pacific Gyre and other gyres,
nitrogen fixing bacteria have been reported regularly by phylogenetic analyses of nifH genes.
Especially cyanobacteria are generally abundant, including the marine filamentous diazotrophic
Trichodesmium, but also genes of unknown cyanobacterial groups and heterotrophic bacteria.
The South Pacific Gyre is the largest of all gyres, and at the same time the least investigated one.
Due to the size and the distance to any land mass that could provide additional nutrient input,
the water in the centre is the "clearest" natural water, even clearer than any clear water which
can be produced in a laboratory [58]. The vertical and regional pattern of the nitrogen fixation
rates are set into context with nutrient and chlorophyll a abundance and the active nifH gene
expression. The results showed that the centre of the gyre is ultra-oligotrophic, with the main

21



1 Introduction

nutrients being at detection limit. In the centre of the gyre the primary production is N-limited.
Nitrogen fixation rates could be measured throughout the surface layer and between the surface
and chlorophyll maximum at almost all sampled stations along the zonal central axis of the
gyre, and at the southern edge of the gyre. Nitrogen fixation could fuel up to 100% of primary
production in the centre of the gyre. The diazotrophic community actively expressing nifH -genes
is dominated by a diverse γ-proteobacteria cluster, which might indicate a prominent role for
heterotrophic diazotrophs in the overall N2-fixation in the South Pacific Gyre. We hypothesize
that there is a close link between heterotrophic and/or photoheterotrophic nitrogen fixation and
the release of DOM by phytoplankton.
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2.1 Abstract
Quantitative information on the ecophysiology of individual microorganisms is generally limited
because it is difficult to assign specific metabolic activities to identified single cells. Here, we
develop and apply a novel method, Halogen In Situ Hybridization-Secondary Ion Mass Spec-
trometry (HISH-SIMS), and show that it allows simultaneous phylogenetic identification and
quantitation of metabolic activities of single microbial cells in the environment. Using HISH-
SIMS, individual cells of the anaerobic, phototrophic bacteria Chromatium okenii, Lamprocystis
purpurea and Chlorobium clathratiforme inhabiting the oligotrophic, meromictic Lake Cadagno,
have been analyzed with respect to H13CO−3 and 15NH+

4 assimilation. Metabolic rates are found
to vary greatly between individual cells of the same species, showing that microbial populations
in the environment are heterogeneous, being comprised of physiologically distinct individuals.
Furthermore, C. okenii, the least abundant species representing about 0.3% of the total cell
number, contributed more than 40% of the total uptake of ammonium and 70% of the total
uptake of carbon in the system, thereby emphasizing that numerically inconspicuous microbes
can play a significant role in the nitrogen and carbon cycles in the environment. By introducing
new means of quantifying the ecophysiological roles of individual cells, our study opens new
possibilities of research in environmental microbiology, especially by increasing the ability to
examine the ecophysiological roles of individual cells, including those of less abundant and less
active microbes, and by the capacity to track not only nitrogen and carbon but also phosphorus,
sulfur, and other biological element flows within microbial communities.

2.2 Introduction
Molecular biological approaches have in recent years provided a wealth of high-resolution in-
formation regarding the genetics, ecology, and evolution of microbial populations (1-5). At the
cellular level, however, quantitative information on the ecophysiology of individual microorgan-
isms in the environment is generally scarce (see for instance refs. 6, 7). A major goal, therefore,
is to assign specific metabolic activities to the identities of individual cells. A particularly
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promising approach to this objective is Secondary Ion Mass Spectrometry (SIMS), which was
applied for the first time in environmental microbiology to follow inorganic carbon and nitrogen
assimilation by bacterial and fungal cells and to show that aggregates of Archaea and sulfate-
reducing bacteria founds in sediments where anaerobic oxidation of methane predominated were
indeed consuming methane (6, 8). However, single-cell resolution with sufficient mass-resolving
power was only recently achieved through the development of nano-scale secondary-ion mass
spectrometry (nanoSIMS). Other currently used methods either do not provide single-cell res-
olution or, like micro-autoradiography, require that microorganisms be fed with radioactively
labeled substrates. The uptake of radioisotopes then directly links individual microbial cells to
their activity in the environment [(7) and references therein]. However, this approach is limited
to elements that have a radioisotope with a suitable half-life (>1 day; for example 14C and 3H)
and excludes the study of other elements such as nitrogen. NanoSIMS, on the other hand, can
be used to measure the distribution of any stable isotope as well as any radioisotope with a
suitable half-life, and thus, the uptake of radioactive or stable-isotope labeled substrates can be
monitored (9). Using nanoSIMS, carbon and nitrogen uptake by nitrogen-fixing cyanobacteria
(10), and in situ nitrogen fixation by individual bacterial symbionts of shipworms (11) have been
quantified. When combined with in situ hybridization using halogen- or stable-isotope-labeled
gene probes, nanoSIMS can additionally be used for the identification of individual microbes
(12, 13).
Here we developed and applied a new method that allowed us to examine the ecophysiology of
single cells in the environment using nanoSIMS. It uses horseradish-peroxidase-labeled oligonu-
cleotide probes and fluorine-containing tyramides for the identification of microorganisms in
combination with stable-isotope-labeling experiments for analyzing the metabolic function of
single microbial cells. Using this method, we have quantified metabolic activities of single cells
of purple and green sulfur bacteria inhabiting the oligotrophic, meromictic Lake Cadagno, a
stratified alpine lake located in the Piora Valley in the Southern Alps of Switzerland. Springs
supply salty water to its depths (14), and, as a result, Lake Cadagno is permanently stratified.
The upper oxic waters are well mixed and contain low concentrations of phosphate and nitrate
(14, 15). The anoxic, lower layer is stagnant and enriched in phosphate and ammonium. At the
chemocline between these two layers, sharp gradients appear in depth profiles of these nutrients
and in those of oxygen, sulfate, sulfide, and light (14, 16).
The physicochemical conditions favor development at the chemocline of a community consisting
mainly of purple and green photosynthetic sulfur bacteria. The seasonal variations of this assem-
blage have been studied intensively in the past ten years (15-17) and make this lake an attractive
test system for investigating the activities of single cells. These anaerobic phototrophs, which
use light energy to oxidize sulfide and other reduced sulfur compounds, are commonly found in
seasonally or permanently stratified lakes, anoxic ponds or sediments. Numerically abundant,
in many of these environments they are responsible for the oxidation of the entire sulfide flux
and thus play a critical role in the sulfur cycle (18-20). However, the distribution of processes
and materials among individual cells in such environments remains unknown.
Here we quantified and compared ammonium and inorganic carbon uptake of three species of
anaerobic phototrophs, Chlorobium clathratiforme, Chromatium okenii and Lamprocystis pur-
purea, and quantitatively determined their contribution to the total ammonium and inorganic
carbon assimilation in the system. Moreover, metabolic activities of individual cells belonging
to the same species were analyzed and compared. We conclude that halogen in situ hybridiza-
tion coupled to secondary ion mass spectrometry (HISH-SIMS) will provide hitherto unavailable
information about microbial populations.
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2.3 Results and Discussion

Physico-chemical parameters of Lake Cadagno and relative abundance of
anaerobic phototrophs

Measurements of physicochemical parameters confirmed earlier reports (16, 21, 22), showing
steep vertical gradients of nutrients and oxygen within the pycnocline and a shift in redox
potential between 10 and 11 m depth indicating anoxic, reducing conditions in the hypolimnion
(Fig. 2.1). A turbidity maximum was identified at 11.7 m depth, coinciding with a dense
microbial community, amounting to 2.1 × 107 cells ml−1, which mainly consisted of green and
purple sulfur bacteria (Fig. 2.1). Based on these measurements, three depths, 10.5, 11.5, and
12.5 m, spanning the chemocline, were chosen for sampling and for further analyses of the
phototrophic sulfur bacterial community. The most abundant microorganism at those depths
was the green sulfur bacterium, Chlorobium clathratiforme, amounting to 1.7 × 107 cells ml−1

(Figs. 2.1 and 2.2; SI Table 2.2). Purple sulfur bacteria Lamprocystis purpurea and Chromatium
okenii were detected in much lower numbers, of 1.1 − 2.9 × 105 cells ml−1 and 4.4 − 8.4 × 104

cells ml−1, respectively (Figs. 2.1 and 2.2; SI Table 2.2). Other anaerobic phototrophs present
were Lamprocystis roseopersicina and Chlorobium phaeobacteroides, amounting to 2.7×105 cells
ml−1 and 5.1 × 104 cells ml−1, respectively (SI Table 2.2). These results confirmed previous
studies (17, 22) describing a numerically stable phototrophic community strongly dominated by
C. clathratiforme.

Single cell analysis

We analyzed single cells of C. clathratiforme, the most abundant microorganism at all depths
investigated, L. purpurea, one of the most abundant small-celled purple sulfur bacteria, and C.
okenii, the only large-celled purple sulfur bacterium present. For this purpose water samples
from 11.5 m depth were incubated for 12 h at in situ light and temperature conditions after
addition of 15N-labeled ammonium and 13C-labeled bicarbonate. After incubation, the samples
were handled as described for E. coli and Azoarcus sp. cells (SI Text) and hybridized with HRP-
labeled oligonucleotide probes targeting specific regions of the 16S rRNA of the three species.
After the deposition of fluorine-containing tyramides, filters were immediately analyzed using
nanoSIMS. For each individual cell we recorded simultaneously secondary-ion images of naturally
abundant 12C (measured as 12C−) and 14N (measured as 12C14N−) atoms and similarly of 13C,
15N, and 19F (Figs. 3-5). Regions of interest around individual cells or clusters of cells were
defined by using the 19F signal as a mask. For each region of interest, 15N/14N (inferred from
the 12C15N/12C14N (ratio) and 13C/12C ratios were calculated and compared with the natural
abundance ratios (SI Table 2.3).
All analyzed cells were substantially enriched in 15N and 13C relative to the non-amended cells
(Figs. 2.3-2.5; SI Table 2.3). There were significant differences in 15N/14N and 13C/12C ratios
between species, with C. okenii having the highest isotopic enrichments followed by L. purpurea
and C. clathratiforme (Figs. 2.3-2.5; SI Table 2.3). Moreover, large differences in 15N/14N and
13C/12C ratios were observed between individual cells of the same species, reflecting obvious
differences in metabolic status or different types of metabolism (see panels C, D, G and H of
Figs. 3-5). Unexpectedly, even cells that were attached to each other (e.g. C. clathratiforme
cells within the same filament) had very different 15N/14N and 13C/12C ratios (see marked cells
and arrows in Figs. 2.3C, D, G and H; SI Table 2.3, cells 3F9a-3F9h).
These differences were even more evident when cell-specific uptakes of ammonium and dis-

solved inorganic carbon were calculated using the 15N/14N and 13C/12C ratios and the volumes
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Figure 2.1: Vertical distribution of turbidity, oxygen, total cell numbers and relative abundance of C.
clathratiforme, C. okenii and L. purpurea (A), temperature and conductivity (B), and redox
potential and inorganic nitrogen (C)

per cell determined for each species (Fig. 6A; SI Table 2.3). The volume estimates for C.
clathratiforme, L. purpurea and C. okenii were 1.2, 5.3 and 270 µm3 per cell, respectively.
Uptakes of ammonium and of inorganic carbon by individual cells of C. clathratiforme varied
significantly. The range was~12-fold for ammonium and ~7-fold for carbon. For L. purpurea
the same ranges were~2-fold and~2-fold. For C. okenii they were~7-fold and~3-fold (Fig. 6A).
Nonetheless, cells belonging to the same species generally grouped together in three distinct
clusters based on ammonium and inorganic carbon assimilation (Fig. 2.6A).
A notable exception was one particular C. okenii cell that had epibiontic microorganisms at-
tached to the surface and that was characterized by significantly lower ammonium uptake than
other C. okenii cells (Figs. 2.5C and 2.6A). This association with epibiontic cells is not unique.
In fact, a substantial proportion of the C. okenii cells observed with fluorescence microscopy
had similar epibiontic cells attached (e.g. Fig. 2.2F). Such epibionts growing on Chromatium
species have been previously observed and it has been suggested that these organisms could be
either parasitic or opportunistic bacteria growing on dissolved organic matter excreted by the
host cells (23, 24). Although the analysis of a single cell does not allow us to determine the
nature of the association between C. okenii and the epibionts, it illustrates that HISH-SIMS
can visualize interactions between individual microbes in microbial aggregates in an unparalleled
way. In a similar approach, the function of individual members of microbial consortia, microbial
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Figure 2.2: Epifluorescence micrographs of purple and green sulfur bacteria hybridized with species-
specific HRP-oligonucleotide probes for the three species and fluorine-containing tyramides
(A, C, E). Corresponding fields stained with DAPI show all cells in blue (B, D, and F).
Arrows in panel F indicate epibionts attached to C. okenii. Scale bar = 5µm, applicable to
all images

mats and biofilms could be studied using HISH-SIMS.
By averaging and comparing the uptake rates of individual cells of each species, we determined
that the least abundant C. okenii assimilated ~60 times more ammonium and ~70 times more
inorganic carbon than L. purpurea and ~700 times more ammonium and ~1000 times more in-
organic carbon than C. clathratiforme in the chemocline of Lake Cadagno (Fig. 2.6A). These
large differences can partly be explained by differences in cell volume between species. When
normalized to cell volume, the differences between the three species became smaller but were
still substantial (SI Fig. 2.10). C. okenii assimilated on average ~2 times more carbon per µm3

biomass than L. purpurea and ~3 times more ammonium and ~5 times more carbon than C.
clathratiforme. The calculated average atomic C:N ratio (9.1) for in situ inorganic carbon and
ammonium assimilation for C. clathratiforme was lower than the C:N ratio (11.1) for in situ as-
similation by L. purpurea cells (Fig. 2.6A). Uptake by C. okenii cells was characterized by high
uptake C:N values (on average 14.8; Fig. 2.6A). For all three species, the C:N ratios substantially
exceeded the Redfield value [6.6; (25)], which could indicate that these organisms accumulate
carbon-rich storage compounds (e.g. glycogen, starch or polyhydroxyalkanoates (PHA)) in large
quantities within the cell (26).
Based on 15N/14N and 13C/12C ratios of individual cells and on the labelling percentages of
the substrates used (i.e. H13CO3

−, 15NH−4 ), we calculated the doubling times for C. okenii,
L. purpurea and C. clathratiforme cells. We assumed that all carbon and ammonium assimi-
lated stimulated growth of new cells. This can lead to an underestimation of the carbon-based
doubling times for species that deposit C-rich storage compounds (20). For all three species,

33



2 A single cell view on the ecophysiology of anaerobic phototrophic bacteria

Figure 2.3: 15N-ammonium and 13C-inorganic carbon uptake by individual C. clathratiforme cells. Par-
allel secondary ion images of C. clathratiforme cells (Cc), not identified microbes (Nid) (A-D),
and of an aggregate of not identified bacteria (Agg) (E, F, G, H). The square represents a
15 × 15 µm field chosen for further sputtering. The abundances of 12C14N− (A, E), 19F−
(B, F), and the 15N/14N (C, G) and 13C/12C (D, H) ratios are shown. The numbers and
markings around cells in figure define regions of interest which were used for calculation of
15N/14N and 13C/12C ratios (see Table 3). Scale bar = 5 µm, applicable to all images.

particularly C. clathratiforme, C-based doubling times varied widely (Fig. 2.7). Moreover, large
differences were observed between C. okenii and L. purpurea species, with average, C-based dou-
bling times of 5 and 7 days, and C. clathratiforme, with average doubling times of 36 days (Fig.
2.7). For L. purpurea, and C. okenii the average N-based doubling times were in good agreement
with the C-based doubling times (Fig. 2.7). In contrast, the average N-based doubling time
for C. clathratiforme (45 days) substantially exceeded the C-based growth rates, indicating that
this anaerobic phototroph may indeed deposit C-rich storage products. The observed doubling
times for all three species were significantly longer than those (0.5 - 1.5 days) reported for pure
cultures of green and purple sulphur bacteria grown under ideal laboratory conditions (27-29)
but were within the range [0.3 to 125 days; ref. (20)] of doubling times estimated from bulk
in situ measurements of biomass or CO2 fixation (20, 30, 31). Intriguingly, the C-and N-based
doubling times (7 and 8 days) for bulk biomass from the Lake Cadagno chemocline were com-
parable with the doubling times for C. okenii and L. purpurea and substantially shorter than
the doubling time for C. clathratiforme (Fig. 2.7), indicating that the most abundant species
(i.e. C. clathratiforme) was not the main contributor to total ammonium and inorganic carbon
assimilation.

We determined the total uptake of ammonium and inorganic carbon for each species by mul-
tiplying the average uptake rates by the absolute cell abundance. Summed, these accounted for
~57% of total ammonium uptake and ~85% of total inorganic carbon uptake in the system as
measured by bulk incubations and analyses (Figs. 2.6B, C). C. okenii with a total biovolume of
1.8 × 107 µm3 ml−1 contributed about ~40% to the total ammonium uptake and ~70% to the
inorganic carbon uptake. In contrast, C. clathratiforme with a slightly larger total biovolume
(2.1× 107 µm3 ml−1) contributed only ~15% and ~15% to the total uptakes of ammonium and
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Figure 2.4: 15N-ammonium and 13C-inorganic carbon uptake by individual L. purpurea cells. Parallel
secondary ion images of L. purpurea cells (Lp) and presumably C. clathratiforme cells (Cc)
(A-D). The abundances of 12C14N− (A), 19F− (B), and the 15N/14N (C) and 13/12C (D)
ratios are shown. The numbers and markings around cells are defined in the legend of Fig.
4. Scale bar = 5 µm, applicable to all images.

inorganic carbon, respectively. L. purpurea with the smallest total biovolume (6.9 × 105 µm3

ml−1) contributed the least, with uptakes of ammonium and inorganic carbon accounting for
1.3% and 1.6% of the totals, respectively. These results confirm that C. clathratiforme, by far
the most abundant species and having the highest biovolume, was not the main assimilator of
ammonium and inorganic carbon assimilation. Even more puzzling was the low abundance of
C. okenii which represented a very small fraction (below 1% of the total cell number) of the
microbial community within the chemocline.
At present, we can only speculate why an organism with an average doubling time seven times
shorter than C. clathratiforme is present in such low abundance. The relative abundance of these
species might have been influenced by an enhanced predation pressure in the system. C. okenii
could have been subjected to a higher predation pressure by anaerobic protozoa and predatory
prokaryotes (23, 32). Growing in net-like structures or large aggregates, C. clathratiforme and
L. purpurea are less susceptible to protozoan grazers than are the single cells of C. okenii (33,
34). On the other hand, growth as single, motile cells provides an advantage to C. okenii, which
can move freely through the water column and find the best zones of nutrient availability and
light intensity for its metabolic requirements.
One of the most intriguing findings in our study was the large range of uptake rates of ammo-
nium and inorganic carbon for single cells of the same species (Fig. 2.6A; SI Table 2.3). These
substantial differences could be the result of genomic diversity in phylogenetically identical (or
closely related) but physiologically distinct populations (35, 36). In recent years, molecular
techniques have revealed remarkable genetic and physiological diversity among microorganisms
of the same sample species (2, 4, 36, 37). The genetic heterogeneity could be the basis for a
physiological diversity which provides selective advantages to different genotypes under changing
conditions (38). In the chemocline of Lake Cadagno, the populations of anaerobic phototrophs
can benefit greatly from a continuous selection of the fittest subpopulations under changes of
nutrient concentrations, light intensity, or redox conditions. Such genotypic plasticity may be
advantageous especially for non-motile species such as C. clathratiforme that are not capable
of actively moving through the chemocline in order to find the optimal growth conditions in a
variable environment.
An alternative explanation for the high metabolic variability of individual cells within the same
species could be non-genetic heterogeneity caused by differences in gene expression among indi-
vidual bacteria (39). Cells of different age or with different life histories would be in different
physiological states. They might have experienced different ammonium or sulfide concentra-
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Figure 2.5: 15N-ammonium and 13C-inorganic carbon uptake by individual C. okenii cells. Parallel
secondary ion images of C. okenii cells (Co) and presumably C. clathratiforme cells (Cc)
(A-H). The abundances of 12C14N− (A, E), 19F (B, F), and the 15N/14N (C, G) and 13C/12C
(D, H) ratios are shown. Arrows in panel C indicates highly active epibionts attached to a
C. okenii cell. The numbers and markings around cells are defined in the legend of Fig. 4.
Scale bar = 5 µm, applicable to all images.

tions, have suffered from traces of oxygen, or adapted to different light intensities. While this
could be tested by monitoring specific mRNA in single cells of a 16S rRNA-defined population
(40), a proof of genomic heterogeneity would still require population-genetic studies of isolates
or metagenomic studies.
In conclusion, by applying HISH-SIMS to green and purple sulfur bacteria from a natural en-
vironment, we found a remarkable variability in metabolic rates of individual cells of the same
species. Consequently, a microbial population can now be studied as a heterogeneous group
of physiologically distinct individuals. Moreover, the major contribution of less abundant but
highly active microorganisms to ammonium and carbon uptake underlines the great importance
of rare keystone species to the nitrogen and carbon cycles in the environment. The HISH-SIMS
method opens new lines of research in environmental microbiology, especially by enabling stud-
ies of the ecophysiology of individual, phylogenetically identified cells and by the capacity to
track not only the flows of nitrogen and carbon but also those of phosphorus, sulfur, and other
biologically active elements within microbial communities.

2.4 Materials and Methods

Measurements of physico-chemical parameters

Temperature, conductivity, dissolved oxygen, turbidity and redox potential were measured at
depth intervals of 1 m by a pumpcast conductivity-temperature-depth (CTD) system equipped
with an oxygen sensor (17). Nutrients were analyzed at the same depth intervals using standard
methods (SI Text).
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Figure 2.6: Ammonium and inorganic carbon assimilation by green and purple sulfur bacteria in Lake
Cadgno. Ammonium versus inorganic carbon uptake by individual C. clathratiforme, L.
purpurea and C. okenii cells (A). The line represents the theoretical ‘Redfield’, C:N ratio
of 6.6. Contribution to the total ammonium (B) and total dissolved inorganic carbon (C)
assimilation in the system by each population. For the calculation of total nitrogen and
carbon uptake, relative abundance of each species as determined by CARD-FISH was taking
into account.

Culture preparation and fixation

E. coli strain DSM 30083 and Azoarcus sp. strain HxN1 were grown as described (SI Text).
Cells were prepared for hybridization using standard protocols (SI Text).

Sample collection and preparation

Water samples were collected from the center of Lake Cadagno (46◦ 33’ N, 8◦ 43’ E) in June
2007. The depth at the center (the deepest point) was 21 m. Water samples were collected
at depths of 10.5, 11.5 and 12.5 m, fixed for FISH in 1% PFA for 1h at room temperature,
filtered on polycarbonate filters, and kept at -20◦C until processing. Parallel water samples
from 11.5 m depth were collected and incubated with 15N-labeled ammonium (21.6 atom percent
15N) and 13C labeled bicarbonate (19.3 atom percent 13C) in 250-mL bottles at in situ light
and temperature conditions for 4, 8 and 12 h (SI text). Sub-samples were taken for bulk
measurements of nitrogen and carbon and for nanoSIMS analysis of single cells (see SI Text).

Whole cell hybridization

CARD-FISH and cell counts were done using standard protocols (SI Text). The oligonucleotide
probes used in this study are shown in SI Table 2.1.
For nanoSIMS analysis, fixed cells were permeabilized in a lysozyme solution (10 mg ml−1

in 0.05 M EDTA, pH 8.0; 0.1 M TrisHCl, pH 7.5; Fluka, Taufkirchen, Germany) for 1 h at
37 ◦C. After permeabilization, filters were washed twice with 2 ml of ultrapure water (MQ;
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Figure 2.7: Nitrogen- and carbon-based doubling times calculated for bulk biomass and individual C.
clathratiforme, L. purpurea and C. okenii cells. The doubling times were calculated using
the 15N/14N and 13C/12C ratios and assuming that all carbon and nitrogen assimilated were
channelled into growth.

Millipore), treated with HCl (0.01M) for 10 min, washed twice in MQ water, and dehydrated
with 96% ethanol for 1 min. Prior to hybridization, filters were prehybridized for 1 h at 46
◦C in hybridization buffer containing 0.9 M NaCl, 40 mM Tris-HCl [pH 7.5], 10% dextran
sulfate, 0.01% sodium dodecyl sulfate (SDS), 10% Blocking Reagent (Boehringer, Mannheim,
Germany), 1 × Denhard’s reagent, 0.26 mg ml−1 sheared salmon sperm DNA (Ambion), 0.2 mg
ml−1 yeast RNA (Ambion) and the corresponding formamide concentration (SI Table 2.1). The
hybridization was performed using the protocol previously described (41) with the following
modifications. After prehybridization, the HRP-labeled probe working solution (50 ng µl−1;
Biomers, Ulm, Germany) was added (1:150 vol/vol) to the hybridization buffer and well mixed.
Hybridizations were carried out for 6 h at 46 ◦C. Following hybridization, filters were incubated
in 50 ml pre-warmed washing buffer containing NaCl (215 mM for Chlc190, 46 mM for Apur453,
and 70 mM for Cmok453 hybridized filters), 5mM EDTA [pH 8.0], 20 mM Tris-HCl [pH 7.5], and
0.01 % SDS for 15 min at 48◦C. After washing, filters were transferred in 1× PBS [pH 7.6] for 30
min in order to equilibrate the probe-delivered HRP. Subsequently, the filters were incubated for
20 min at 46 ◦C in darkness for tyramide signal amplification. The reactant mixture contained
amplification buffer and fluorine-containing tyramides (1000:1 vol/vol) and 0.015% H2O2. The
filters were then washed once for 15 min in 1× PBS in darkness, twice with MQ water and
once for 1 min in 96% ethanol. Synthesis of tyramides and preparation of the substrate mixture
containing amplification buffer and H2O2 were done as described (SI Text and ref. (42)).

Nitrogen and carbon bulk measurements

Abundances of 15N and 13C were measured using standard methods (SI Text).
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NanoSIMS analysis of single cells
Image acquisition and data processing. The hybridized filters were analyzed between January
2007 and October 2007 using a NanoSIMS 50 and a NanoSIMS 50L manufactured by Cameca
(Gennevilliers, France). For each individual cell, we recorded simultaneously secondary ion
images of 12C−, 13C−, 12C14N−, 12C15N−, and 19F− using five electron multipliers (Fig. 3-
5). Measurements were performed using three sets of analytical conditions (see SI Text). The
12C−, 13C−, 19F−, 12C14N− and 12C15N− ions were collected and measured in parallel at a
mass resolution sufficient to separate the 13C− from the 12CH− and 12C15N− from the 13C14N−.
Images and data were processed using the proprietary CAMECA WinImage processing software
working under PC WindowsTM XP environment (see SI text).

Biovolume calculation and biomass conversion
The sizes of C. okenii, L. purpurea and C. clathtratiforme cells were directly measured from
the epifluorescence microscope images taken after fluorescence in situ hybridization and DAPI
staining. Biovolume calculation and biomass conversion are described in SI Text.

Calculation of the ammonium and inorganic carbon assimilation rates
Amounts of ammonium and inorganic carbon assimilated by individual cells were calculated
from the 15N/14N and the 13C/12C ratios of the individual regions of interest (SI Table 2.3), the
mean biovolume for the corresponding species, and the amounts of label added in the incubation
experiments. The total assimilation for each species was calculated by multiplying the average
assimilation rates of individual cells by the number of cells of the corresponding species (as
determined by FISH).

Calculation of the doubling times
Doubling times of the three species were calculated using the 15N/14N and 13C/12C ratios, the
biovolume and the conversion factor into biomass to calculate first the 15N and 13C excess (as
atomic percent) into individual cells. Using these values and the percentage of label added in
the incubation experiments as well as the time of incubation, we calculated the doubling time
for individual C. okenii, C. clathratiforme and L. purpurea cells.
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Method development and testing
Before application to environmental samples, the HISH-SIMS procedure was tested using a
mixture of two bacterial cultures, E. coli, a gammaproteobacterium grown on 13C-labeled glucose
as sole carbon source, and Azoarcus sp., a betaproteobacterium grown without labeled substrate.
The cultures were fixed and then mixed, filtered on gold-palladium coated filters, and hybridized
with a horseradish peroxidase (HRP)-labeled oligonucleotide probe targeting the 23S rRNA gene
of the Gammaproteobacteria. Following the deposition of fluorine-containing tyramides within
the hybridized cells, filters were analyzed using nanoSIMS. In this way, only a single nanoSIMS
scan was required to quantify the incorporation of 13C-glucose by individual cells and to identify
these cells based on a signal conferred by rRNA-targeted oligonucleotide probing (SI Fig. 2.8A,
B and C). The use of fluorine-containing tyramides, which are also fluorescent, allowed us to
check the success of hybridization and the quality of the sample by fluorescence microscopy prior
to nanoSIMS analysis. Hybridization of the mixed bacterial cultures with the nonsense probe
(NON338), followed by the deposition of fluorine-containing tyramides and nanoSIMS analysis,
showed only minor traces of fluorine within the bacterial cells or on the filter (SI Fig. 2.8D, E
and F). The use of coated filters as support for nanoSIMS analysis of environmental microbes
ensured a quick and easy manipulation of the samples during field collection and hybridization
procedure. We used polycarbonate filters with a pore size of 0.22 µm identical with those used
for fluorescence in situ hybridization. These filters were sputtered with a layer of gold-palladium
mix, but other elements, such as pure gold or silver, can alternatively be used to sputter filters
prior to sample filtration.

Figure 2.8: Mixture of E.coli and Azoarcus sp. cultures. Prior to mixing E.coli cells have been incubated
with 13C labeled glucose. Parallel secondary ion images of E.coli (Ec) and Azoarcus sp.
(Az) cells hybridized with HRP-labeled GAM42a probe (A, B, C) and with nonsense probe,
HRP-labeled NON338 (D, E, F). Probe-conferred HRP was detected via the fluorine signal
of Oregon GreenR© 488-X labeled tyramides. The abundances of 12C14N− (A, D), 19F− (B,
E) and the 13C/12C (C, F) ratio are shown. Scale bar = 5 µm, applicable to all images.

Measurements of physico-chemical parameters
NO−2 and NO−3 were analyzed using an NOx analyzer [Thermo Environmental Instruments Inc.,
USA; (1)] and NH4

+ was analyzed fluorometrically (2). Dissolved inorganic carbon (DIC) was
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measured by flow-injection method (3).

Culture preparation and fixation

E. coli strain DSM 30083 was grown for 6 h at 37 ◦C on minimal media containing (in g
l−1) Na2HPO4 (6), KH2PO4 (3), NH4Cl (1), NaCl (0.5), MgSO4 · 6H2O (0.12), CaCl2 · 2H2O
(0.01) and 13C-labeled glucose (5). Azoarcus sp. strain HxN1 was grown as described (4),
without the addition of a labeled substrate. Cells were fixed with 1% paraformaldehyde (PFA)
overnight at 4◦C. After fixation, cells were washed three times in 1× PBS and stored in 50%
ethanol/1× PBS (v/v) at -20◦C until further use. The two cultures were mixed prior filtration
on polycarbonate filters (GTTP type; pore-size 0.22 µm; diameter 25 mm; Millipore, Eschborn,
Germany) sputtered with an approx. 40 nm layer of gold (80%) and palladium (20%). The
filters were stored at -20 ◦C until processing.

Sample collection and preparation

Water samples were collected from the center of Lake Cadagno (46◦ 33’ N, 8o 43’ E) on June
2007. The depth at the center (the deepest point) was 21 m. Water samples were collected
at depths of 10.5, 11.5 and 12.5 m, fixed for FISH in 1 % PFA for 1h at room temperature,
filtered on polycarbonate filters (GTTP type; pore-size 0.22 µm; diameter 25 mm; Millipore),
and kept at -20◦C until processing. Parallel water samples from 11.5 m depth were collected and
incubated with 15N-labeled ammonium (21.6 atom percent 15N) and 13C labeled bicarbonate
(19.3 atom percent 13C) in 250-mL bottles at in situ light and temperature conditions for 4,
8 and 12 h. In situ light and temperature conditions were created in the laboratory based on
multiple measurements of light intensities and temperature performed annually and seasonally in
the chemocline of Lake Cadagno between 1994-2007 [e.g. (5-7), this study]. In situ temperature
was maintained between 5 to 8◦C using a mix of water and ice under light intensities of 10-20
µmol m−2 s−1 as previously described (5, 7). Sub-samples were taken for bulk measurements
of nitrogen and carbon from all three incubation time points and only from 12 h incubation
experiment for nanoSIMS analysis of single cells. Water samples for bulk measurements were
filtered on 0.7 µm pore-size type GF/F filters (Millipore). After freeze-drying and decalcifying
with 37 % hydrochloric acid (Roth, Germany), the GF/F filters were kept at room temperature
until further processing. For nanoSIMS analysis, water samples were fixed in 1% PFA for 1 h at
room temperature and filtered on gold-palladium coated filters. The filters were further stored
at -20◦C until processing.

Whole cell hybridization

FISH with horseradish peroxidase (HRP)-labeled oligonucleotide probes and tyramide signal
amplification was done as described by (8). The oligonucleotide probes used to enumerate
Bacteria and the green and purple sulfur bacteria are showed in SI Table 2.1. The hybridized
cells were stained with 4’,6’-diamidino-2-phenylindole (DAPI) and microscopically counted as
described previously (9). Counts were reported as means calculated from 5-6 randomly chosen
microscopic fields corresponding to 700-1000 DAPI-stained cells.
For synthesis of fluorine-containing tyramides, we have used succinimidyl ester of Oregon GreenR©

488-X, [Molecular Probes, Inc. (Eugene, OR)]. The reaction contained succinimidyl ester of
Oregon GreenR© 488-X in 1.1 molar excess to tyramide HCl stock. We mixed 500 µl of dye ester
(20 mM) with 155 µl of tyramide HCl stock (58 mM) and incubated overnight at 4◦C in darkness.
After incubation, the reaction mixture was diluted with absolute ethanol to a final concentration
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of 1 mg ml−1 active dye, distributed in 50 µl portions and desiccated under vacuum for 4 to 6
hours. Dessicated fluorine-containing tyramides were kept at -20◦C. Before use, the tyramides
were dissolved in dimethylformamide (final concentration 1 mg ml−1) containing 20 mg ml−1

p-iodophenylboronic acid. As a result, we obtained a green fluorescent reporter that contains
two fluorine atoms per molecule.

Nitrogen and carbon bulk measurements

Abundances of 15N and 13C were measured using N2 and CO2 released by flash combustion in
excess oxygen at 1050 ◦C in an automated elemental analyzer (Thermo Flash EA, 1112 Series)
coupled to a Delta Plus Advantage mass spectrometer (Thermo Finnigan, Bremen, Germany).

NanoSIMS analysis of single cells

Image acquisition. Secondary ion images of 12C−, 13C−, 12C14N−, 12C15N−, and 19F− were
recorded simultaneously for each individual cell using five electron multipliers (Fig. 2.3-2.5).
Measurements were performed using three sets of analytical conditions. Firstly, a 50 × 50 µm
image field was chosen to give an overview of the sample. The samples were sputtered with
a 1.1-3.5 pA Cs+ primary ion beam focussed into a spot of approx. 200 nm diameter which
was stepped over the sample in a 512 × 512 pixel raster with a counting time of 1 ms per
pixel. The same region was re-scanned ten times. The resulting images were combined to create
the final image. Secondly, a closer view of the region of interest (30 × 30 µm) was acquired
while sputtering the sample with a 0.3-0.8 pA Cs+ primary ion beam focused into a spot with
a diameter of approx. 100 nm. The beam was stepped over the sample in a 512 × 512 pixel
raster with a counting time of 1 ms per pixel repeatedly, creating a series of five images that
were compiled together to create a total image. Thirdly, a detailed image of the cells under
investigation (15 × 15 µm) was recorded while sputtering the sample with a 0.3-0.8 pA Cs+

primary ion beam focused into a spot with diameter of approx. 100 nm. The beam was stepped
over the sample in a 256 × 256 pixel raster with a counting time of 1 ms per pixel repeatedly,
creating ten images that were combined to create the final image.

Image acquisition and data processing. The different scans of each mass were summed in
floating 32 bits. All nanoSIMS images were graphically displayed in a false-color scale from
black (intensity = 0) to red (maximum intensity per pixel adjusted so as to obtain good visual
contrast). The different scans of each image were realigned to correct for any drift of the sample
stage during acquisition. Isotope-ratio images (e.g. 13C/12C ratio) were created by adding the
secondary ion counts of each recorded secondary ion for each pixel over all scans and dividing the
total counts of a selected secondary ion (e.g. 13C−) for each pixel by the total counts of a selected
reference mass (e.g. 12C−). Regions of interest around individual or groups of cells were defined
using the 19F label as a mask. For each region of interest, the 15N/14N ratio (inferred from the
12C15N/12C14N ratio) and the 13C/12C ratio were calculated. The 15N/14N and 13C/12C ratios
of individual bacterial cells were determined for experiments with and without (i.e. control
experiments) added labeled substrate. Subsequently, the 15N/14N and 13C/12C enrichment of
individual cells of the three species was calculated by subtracting the average cellular ratios of
C. okenii, L. purpurea and C. clathratiforme in the control experiments from the ratios obtained
for individual cells from the labeling experiment (SI Table 2.3).
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Biovolume calculation and biomass conversion
By measuring the length and width of the bacteria, the biovolume was calculated assuming
that L. purpurea was a sphere and C. clathratiforme and C. okenii were straight-sided rods
with hemispherical ends (10, 11). We have measured 30 cells for C. okenii, 60 cells for L.
purpurea and 70 cells for C. clathratiforme. The mean cell biovolume was calculated for each
species. This was converted into L. purpurea and C. okenii biomass using calibration factors
of 0.4 fmol N µm−3 and 4.5 fmol C µm−3 determined for L. purpurea cultures. Calibration
factors of 0.7 fmol N µm−3 and 6.4 fmol C µm−3 were determined for C. clathratiforme cultures
and subsequently used to calculate the biomass of this prototroph in the chemocline of Lake
Cadagno. The differences between the determined calibration factors were most likely due to
accumulation of intracellular sulfur by L. purpurea and C. okenii. Biovolume calculations using
nanoSIMS images yielded similar values with those measured from epifluorescence microscope
images.

46



2.5 Supporting Information

Figure 2.9: Secondary ion images of Chlorobium clathratiforme (A, B), Lamprocystis purpurea (C) and
Chromatium okenii (D) based on 19F isotope abundance. Cells in panels A, C, D were
incubated only with 13C bicarbonate. Cells in panel B were incubated without labeled
substrates. The 15N/14N and 13C/12C isotope ratios of the marked cells served as background
controls for the calculation of 15N and 13C assimilation. Scale bar 5 µm, applicable to all
images.

Figure 2.10: Ammonium and inorganic carbon assimilation normalized to cell volume by green and
purple sulfur bacteria in Lake Cadagno.

47



2
A

single
cellview

on
the

ecophysiology
ofanaerobic

phototrophic
bacteria

Table 2.1: HRP-labeled oligonucleotide probes used in this study
Probe Specificity Sequence (5’-3’) Target Positiona FISH (FA)b Source or Reference

EUB338-I Most Bacteria GCTGCCTCCCGTAGGAGT 16S 338-355 35 (SI 12)
EUB338-II supplement to EUB 338: Planctomycetales GCAGCCACCCGTAGGTGT 16S 338-355 35 (SI 13)
EUB338-IIII supplement to EUB 338: Verrucomicrobiales GCTGCCACCCGTAGGTGT 16S 338-355 35 (SI 13)
NON338 Antisense of EUB338 ACTCCTACGGGAGGCAGC 16S 338-355 35 (SI 14)
Cmock453 Chromatium okenii (DSM 169) AGCCGATGGGTATTAACCACCAGGTT 16S 453-479 35 -15
Apur453 Lamprocystis purpurea (DSM 4197) TCGCCCAGGGTATTATCCCAAACGAC 16S 453-479 40 -15
Laro453 Lamprocystis roseopersicina (DSM 229) CATTCCAGGGTATTAACCCAAAATGC 16S 453-479 30 -15
Chlc190 Chlorobium clathratiforme (DSM 5477) GGCAGAACAACCATGCGATTGT 16S 190-211 20 -17
Chlp441 Chlorobium phaeobacteroides (DSM 266) AAATCGGGATATTCTTCCTCCAC 16S 441-464 20 -22
GAM42a Gammaproteobacteria GCCTTCCCACATCGTTT 23S 1027-1043 35 (SI 15)

a Position in the 16S rRNA of E.coli.
b FA, formamide concentrations in the hybridization buffer calculated as percent (v/v).

Table 2.2: Quantification of purple and green sulfur bacterial groups using CARD-FISH.
Absolute prok. EUB338-I-II-III Chlc190 Chlp140 Cmock453 Apur453 Laro453

Depth cell counts cells ml−1 % cells ml−1 % cells ml−1 % cells ml−1 % cells ml−1 % cells ml−1 %
[m] [107 ml−1] [107] DAPI [107] DAPI [104] DAPI [104] DAPI [105] DAPI [105] DAPI
10.5 0.9 - 1.6 1.1 83.3 0.4 28.9 4.1 0.3 4.4 0.4 2.9 2.5 2.7 1.8
11.5 1.3 - 2.9 1.1 80.0 1.7 74.1 4.2 0.3 6.7 0.3 3.1 1.3 1.3 0.5
12.5 2.1 - 2.5 2.0 84.1 1.4 67.9 5.1 0.2 8.4 0.3 1.1 0.5 0.2 0.1
The target organisms of the oligonucleotide probes in this table are indicated in Table 2.1.
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Table 2.3: Increase in 15N/14N and 13C/12C ratios of individual bacterial cells grown in the presence of
15N-ammonium and 13C-inorganic carbon relative to average ratios of non-amended cells of
the same species.
Chlorobium clathratiforme Chlorobium clathratiforme (continued)

ROI nr. ∆ (%) 13C/12C ∆(%) 15N/14N ROI nr. ∆ (%) 13C/12C ∆(%) 15N/14N

3B 1 0.1083 ± 0.0012 0.2743 ± 0.0019 17-7* 0.1646 ± 0.0021 0.3143 ± 0.0036
3B 2 0.1379 ± 0.0017 0.1774 ± 0.0044 16-1* 0.4319 ± 0.0023 0.3988 ± 0.0026
3B 3 0.4997 ± 0.0031 0.7311 ± 0.0040 16-2* 0.3866 ± 0.0021 0.4369 ± 0.0028
3B 4 0.2081 ± 0.0020 0.3318 ± 0.0025 16-3* 0.3265 ± 0.0035 0.4691 ± 0.0064
3B 5 0.2780 ± 0.0092 0.3952 ± 0.0059 16-4* 0.3502 ± 0.0024 0.3322 ± 0.0028
3B 6 0.1943 ± 0.0015 0.4570 ± 0.0026 16-5* 0.1911 ± 0.0019 0.3270 ± 0.0042
3B 7 0.1595 ± 0.0023 0.3874 ± 0.0032 16-6* 0.1587 ± 0.0014 0.3243 ± 0.0036
3B 8 0.2429 ± 0.0028 0.3306 ± 0.0031 16-7* 0.2857 ± 0.0023 0.4053 ± 0.0043
3B 9 0.2624 ± 0.0014 0.5468 ± 0.0029

3B 10 0.1433 ± 0.0023 0.4622 ± 0.0049 Lamprocystis purpurea
3B 11 0.2401 ± 0.0054 0.5700 ± 0.0072 ROI nr. ∆ (%) 13C/12C ∆(%) 15N/14N
3B 12 0.1428 ± 0.0045 0.4813 ± 0.0085
3B 13 0.0897 ± 0.0035 0.5344 ± 0.0103 4B 1 0.7663 ± 0.0272 1.1503 ± 0.0091
3B 14 0.2076 ± 0.0084 0.6295 ± 0.0122 4B 2 1.1116 ± 0.0374 1.5587 ± 0.0147
3F 9a 0.0973 ± 0.0027 0.1325 ± 0.0081 4B 3 1.1508 ± 0.0332 1.5285 ± 0.0139
3F 9b 0.3559 ± 0.0059 0.4466 ± 0.0115 4B 4 1.2370 ± 0.0423 1.7903 ± 0.0167
3F 9c 0.4427 ± 0.0069 0.4232 ± 0.0082 4B 5 1.4001 ± 0.0456 1.5135 ± 0.0135
3F 9d 0.3537 ± 0.0077 0.3610 ± 0.0092 4B 6 1.4637 ± 0.0495 1.9261 ± 0.0174
3F 9e 0.4735 ± 0.0074 0.7138 ± 0.0092 4B 7 1.5912 ± 0.0515 1.8293 ± 0.0154
3F 9f 0.3154 ± 0.0058 0.6431 ± 0.0100 4B 8 1.7398 ± 0.0556 1.6363 ± 0.0140
3F 9g 0.3262 ± 0.0124 0.5057 ± 0.0150 4B 9 1.5951 ± 0.0579 1.7119 ± 0.0156
3F 9h 0.4233 ± 0.0089 0.4926 ± 0.0081 4B 10 1.2721 ± 0.0485 1.6651 ± 0.0160
18-1* 0.5071 ± 0.0047 0.6183 ± 0.0056 4B 11 1.3527 ± 0.0474 1.6442 ± 0.0147
18-3* 0.5024 ± 0.0061 0.4792 ± 0.0063 4B 12 1.3960 ± 0.0405 1.5083 ± 0.0122
18-4* 0.6577 ± 0.0081 0.7198 ± 0.0083 4B 13 1.5604 ± 0.0462 1.8198 ± 0.0134
18-5* 0.4527 ± 0.0063 0.4429 ± 0.0055
18-6* 0.6344 ± 0.0081 0.6608 ± 0.0079 Chromatium okenii
18-8* 0.2755 ± 0.0029 0.3276 ± 0.0041 ROI nr. ∆ (%) 13C/12C ∆(%) 15N/14N

18-10* 0.4793 ± 0.0056 0.5152 ± 0.0066 5B 1 1.9275 ± 0.0014 0.2471 ± 0.0003
18-11* 0.5266 ± 0.0060 0.4116 ± 0.0052 5F 2 2.7807 ± 0.0018 1.9607 ± 0.0017
18-12* 0.1043 ± 0.0019 0.1488 ± 0.0029 4* 2.1325 ± 0.0119 2.0422 ± 0.0032
18-13* 0.0125 ± 0.0004 0.0441 ± 0.0014 5* 3.3526 ± 0.0027 2.4328 ± 0.0007
18-14* 0.2961 ± 0.0046 0.2403 ± 0.0036 6* 3.8429 ± 0.0030 2.3507 ± 0.0007
17-1* 0.0697 ± 0.0006 0.1507 ± 0.0012 67* 2.0427 ± 0.0168 1.7262 ± 0.0038
17-2* 0.1694 ± 0.0019 0.2870 ± 0.0027 63* 1.5877 ± 0.0122 1.4132 ± 0.0052
17-3* 0.1835 ± 0.0022 0.2066 ± 0.0020 72* 1.7627 ± 0.0093 2.0952 ± 0.0025
17-4* 0.3332 ± 0.0030 0.3049 ± 0.0025 2h2* 1.0747 ± 0.0101 1.3322 ± 0.0028
17-5* 0.4052 ± 0.0039 0.3945 ± 0.0032 2h3* 1.1577 ± 0.0109 2.0472 ± 0.0047
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3.1 Abstract
The nitrogen cycling of Lake Cadagno was investigated by using a combination of biogeoche-
mical and molecular ecological techniques. In the upper oxic freshwater zone inorganic nitrogen
concentrations were low (up to ∼3.4 µM nitrate at the base of the oxic zone), while in the
lower anoxic zone there were high concentrations of ammonium (up to 40 µM). Between these
zones, a narrow zone was characterized by no measurable inorganic nitrogen, but high microbial
biomass (up to 4×107 cells ml−1). Incubation experiments with 15N-nitrite revealed nitrogen-
loss occurring in the chemocline through denitrification (∼3 nM N h−1). At the same depth,
incubations experiments with 15N2 and 13CDIC-labeled bicarbonate, indicated substantial N2
fixation (31.7- 42.1 pM h−1) and inorganic carbon assimilation (40- 85 nM h−1). CARD-FISH
and sequencing of 16S rRNA genes showed that the microbial community at the chemocline was
dominated by the phototrophic green sulphur bacterium Chlorobium clathratiforme. Phyloge-
netic analyses of the nifH -genes expressed as mRNA revealed a high diversity of N2-fixers, with
the highest expression levels right at the chemocline. The majority of N2-fixers were related to
C. tepidum/C. phaeobacteroides. By using Halogen in situ Hybridization-Secondary Ion Mass
Spectrometry (HISH-SIMS), we could for the first time directly link Chlorobium to N2-fixation
in the environment. Moreover, our results show that N2-fixation could partly compensate for
the N-loss and that both processes occur at the same locale at the same time as suggested for
the ancient Ocean.

3.2 Introduction
In many terrestrial, freshwater and marine environments, nitrogen is the limiting nutrient for
biological production. While the cycling of nitrogen within a system is composed of multiple
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transformations catalysed primarily by microbes, nitrogen is lost via heterotrophic denitrifi-
cation and/or anaerobic ammonium oxidation (anammox) in suboxic or anoxic environments
(Canfield et al., 2005). Nitrogen fixation is often the main source of bioavailable nitrogen to the
system.
While there have been a fair number of recent studies on nitrogen fixation in oceanic regimes
by aerobic bacteria, especially cyanobacteria like Trichodesmium (e.g. Capone et al., 1997; Car-
penter et al., 2004), little is known about diazotrophy in anoxic systems. In the geological past,
large parts of the ocean were partly or fully anoxic (e.g. Kuypers et al., 2004; Grice et al., 2005;
Kump et al., 2005) and a close link between N-loss and N-gain has been suggested for these
environments (e.g. Kuypers et al., 2004). Phototrophic sulphur bacteria, especially the green
sulphur bacteria Chlorobium spp., have been suggested to proliferate in ancient anoxic ocean
basins (Summons and Powel, 1987; Crowe et al., 2008). Diazotrophic activities of green sulphur
bacteria are known from cultures (Wahlund et al., 1991; Wahlund and Madigan 1993), and have
also been deduced from acetylene reduction experiments in anoxic aquatic systems (Brezonik
and Harper, 1969; Keirn and Brezonik, 1971).
Meromictic lakes provide ideal model systems to study nitrogen cycling processes in stratified
water bodies. High physical stability of the water masses results in relatively constant ver-
tical stratification in microbial populations, a compact and stable transition between an oxic
mixolimnion and anoxic monimolimnion, and in many cases, the presence of a dense microbial
community at the redox transition zone (Bosshard et al., 2000). In such ecosystems, there is
a wide variation in the utilization of carbon and nitrogen compounds for assimilatory purposes
(Ohkouchi et al., 2005). Lake Cadagno is a meromictic alpine lake in southern Switzerland
(Bossard et al., 2001; Tonolla et al., 1999). Its permanent stratification is maintained by the
density difference between the mixolimnion with electrolyte-poor surface water, and the mon-
imolimnion, which contains water of high ionic strength (9-10 mM) constantly supplied by
sub-aquatic springs (Deldon et al., 2001; Lehmann et al., 1998; Tonolla et al., 1998). Due
to the infiltration of water through a dolomite vein rich in gypsum, Lake Cadagno contains
approximately 10-20 times more sulphate than other freshwater lakes (Lehmann et al., 1998;
Hanselmann et al., 1998). The high concentration of sulphate leads to a dominance of sulphur
compounds in the chemistry of the lake (Tonolla et al., 1998; Wagener et al., 1990) and thus
favours the development of microbial populations involved in sulphur cycling.
In this study, we investigated the nitrogen cycling processes within the chemocline of Lake
Cadagno, using a combination of biogeochemical and molecular methods with particular focus
on nitrogen fixation, as a source of fixed nitrogen.

3.3 Results

Physico-chemical parameters

We measured physical and chemical parameters in Lake Cadagno from the surface down to 17.5
m depth (Fig. 3.1). The results were consistent with previous measurements (Bossard et al.,
2001; Tonolla et al., 2003; Peduzzi et al., 2003). Salinity increased from 0.16 psu at 7 m to 0.45
psu at 14 m. Oxygen concentration decreased rapidly below 10 m depth and dropped to below
detection limit at 12.5 m. Sulphide became detectable only upon disappearance of oxygen at
12.5 m, and increased with depth in the anoxic zone to 232 µM at 14.5 m. Total reactive iron
concentration also started to increase in suboxic water and attained a maximum of 3.7 µM at
12.4 m depth. Light intensity was reduced to about 5% of surface radiation at 8 m. Transmis-
sion decreased below 10 m and reached a minimum between 11.8 and 12.3 m, thus indicating
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a turbidity maximum. In the upper water column, nitrite appeared in low concentrations with
a maximum value of 0.34 µM at 10 m. Nitrate concentration was also low in general, except
for the maxima at 8.7 m (3.44 µM) and at 12 m (2.8 µM). Neither nitrite nor nitrate were
measurable below 12 m. In contrast, ammonium was not detectable above 12.8 m but then
increased towards the bottom with the highest measured value of 50 µM at 14 m. In summary,
no inorganic nitrogen was measurable in the zone between 12 and 12.8 m.
To investigate the occurrence of nitrogen loss processes (anammox and denitrification), incu-

Figure 3.1: Vertical distribution of salinity and oxygen (A), transmission and Lux (B), total reactive
Fe(II) and sulfide (C), nitrite, nitrate and ammonium, and the modelled rate of ammonium
production and consumption (D).

bation experiments using 15N-stable-isotopes-pairing technique (Nielsen, 1992; Thamdrup and
Daalsgard, 2002; Kuypers et al., 2005) were conducted with water samples from three depths
in the suboxic zone (11.5 m, 12.5 m, 13.5 m). Because of the 1-to-1 NH+

4 :NO
−
2 stoichiometry

and the fact that only one of these nitrogen pools was labeled with 15N at a time, anammox
should produce 15N14N (and 14N14N) in all 15N incubations, and denitrification should produce
15N15N, 15N14N (and 14N14N) in 15NO−2 incubations. The production of 14N15N was below
the detection limit in all incubations with 15NH+

4 and 14NO−3 , indicating the absence of the
anammox reaction. In comparison, incubations of the water samples from 12.5 m and 13.5 m
depth with 14NH+

4 and 15NO2 showed substantial 15N14N and 15N15N production, indicating the
occurrence of denitrification (Fig. 3.2). At 11.5 m no denitrification could be measured. Hence,
our results showed a nitrogen loss through denitrification in the chemocline with rates of 2.9
nM N h−1 at 12.5 m and 3.3 nM N h−1 at 13.5 m. While there was nitrate detected at 12.5 m,
none was detected at 13.5 m. Hence, the rates at 13.5 m can only be considered as potential rates.

Water samples were incubated with 15N2-gas and 13C-bicarbonate under light and dark con-
ditions at 11.5 m, 12.5 m and 13.5 m. The rates for N2-fixation were low and did not show
significant differences among the depths. Under light conditions, nitrogen fixation rates lay
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Figure 3.2: Changes in concentrations of isotopically labelled N2 species versus time during incubation
of samples with [15N]nitrite and [14N]ammonium from 12.5 m depth.

between 30 and 45 pM N h−1 (± 20 pM h−1) (Fig. 3.3a). Nitrogen fixation rates in the dark
were up to an order of magnitude lower at 12.5 m (1.8 pM N h−1) and 13.5 m (5.5 pM N h−1),
indicating that 15N2 fixation at these depths was light-dependent. Although the difference in
fixation rates between dark and light were smaller at 11.5 m, the N2-fixation rates were still
significantly lower in the dark (P=0.05, Wilcoxon’s matched pairs test).
The assimilation rates of 13C-bicarbonate in the light were three orders of magnitude higher than
N2 fixation rates (Fig. 3.3b). The highest 13C assimilation rate was obtained at 12.5 m. At all
depths, the difference between light and dark incubations was significant (P=0.05, Wilcoxon’s
matched pairs test).
The reaction-diffusion model (Fig. 3.1d) revealed net NH+

4 consumption of 0.35 µM h−1 at 12.8-
13.1 m, and NH+

4 -production reaching 0.6 µM h−1 at 13.8 - 14.3 m.

Microbial community structure

To examine the vertical distribution of microbial communities throughout the chemocline, we
used catalyzed reporter deposition fluorescence in situ hybridisation (CARD-FISH) with spe-
cific probes to target organisms known to be dominant in the chemocline (Fig. 3.4a and b)
(Tonolla et al., 1999, 2003, 2005). We quantified the abundance of three species of purple sul-
phur bacteria, the small-celled Lamprocystis roseopersicina and L. purpurea, and the large-celled
Chromatium okenii. Two species of green sulphur bacteria, Chlorobium clathratiforme and C.
phaeobacteroides, were also enumerated.
Total microbial abundance, detected via 4’,6’-diamidino-2-phenylindole (DAPI) staining, reached
a maximum of 4×107 cells ml−1 at 13 m below the oxycline (Fig. 3.4b). However, the minimum
in transmission (Fig. 3.4b) coincided instead with the highest abundance of C. okenii (10 5 cells
ml−1) which made up 0.4% of total microbial community. C. okenii appeared between 12 and 14
m and the highest abundance was found at 12 m (0.4 % of DAPI staining). L. roseopersicina was
also observed between 12 and 14 m with an abundance of 3×104 to 1.4×105 cells ml−1, while L.
purpurea appeared at 11.5 m with the maximum abundance of 5.7×105 cells ml−1 found at 13.5
m. These three groups of purple sulphur bacteria together made up only ≤ 1.8% of total DAPI
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Figure 3.3: 15N2 fixation rates (A) and H13CO−2 assimilation rates at 11.5–13.5 m (B).

counts at 13.5 m. The green sulphur bacteria C. phaeobacteroides occurred below 11 m with
the maximum abundance of 6.4×103 cells ml−1 at 13 m, equivalent to 0.6% of DAPI stained
cells. The other green sulphur bacteria C. clathratiforme was by far the most abundant group
detected in the water column. Their abundance ranged between 4.2×105 to 32.6×107 cells ml−1

from 10.5 to 14 m, and represented as much as 75% of total microbial community at 13.5 m.
The microbial diversity in the chemocline was further examined at 12.5 m, based on a clone li-
brary constructed with amplified 16S rRNA genes. From the 300 screened clones 256 sequences
were obtained, which fell into 26 operational taxonomic unit (OTU) based on a 97 % sequence
identity cut-off (Fig. 3.5). More than half of the obtained sequences belonged to the green sul-
phur bacterium Chlorobium clathratiforme (137 sequences), which in fact formed one single OTU
(97% sequence identity). The second largest group was affiliated with Synthrophus gentianae
(54 sequences), a δ-Proteobacterium with known capability to degrade aromatic compounds
like benzoate to acetate, H2 and CO2 (Schöcke and Schink 1998). There were several smaller
groups of OTU’s, which belonged to Methylobacter marinus (six sequences) and Chromatium
okenii (four sequences). Two clusters with 5 and 13 sequences (97% similarity) respectively,
belonged to Desulfocapsa. In addition, several OTUs which occurred only once or twice, were
related to Thiobacillus, Rhodospirillum rubrum, Thiocystis gelantinosa, Coxiella burnettii, Acti-
nospora, candidate division GN09, Bacteroides cellulosolvens, Synechococcus, Paludibacter and
Prolixibacter.

Phylogeny of nifH genes and their expression

Sequences of nifH, a functional gene biomarker for N2-fixation, were amplified from five depths
between 8.5 m to 13.5 m. The expressed nifH genes at 12.5 m were also amplified after reverse
transcription (cDNA) for sequence analyses. Altogether, 73 DNA sequences and 77 cDNA
sequences were obtained from Lake Cadagno.
All nifH sequences obtained in the present study (Fig. 3.6) fell into clusters I and III as
defined by Chien and Zinder (1996) and Zehr et al. (2003), which include the molybdenum
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Figure 3.4: Transmission and absolute abundance of purple (A) and green sulfur bacterial groups and
total DAPI counts (B), nifH copy numbers obtained from DNA (C) and cDNA (D). n.d.,
no data.

and some vanadium containing nitrogenase. The obtained sequences could be further divided
into 10 different groups (98% cut off). Among cluster I fell β-Proteobacteria (Burkholderia),
γ-Proteobacteria (Methylobacter and Methylomonas) and Cyanobacteria (Phormidium), while
within cluster III relatives of Chlorobiales (Chlorobium) and δ-Proteobacteria (Desulfovibrio,
Geobacter) were included.
The majority of sequences, including both DNA and cDNA, formed one big cluster that was
closely related to Chlorobium in cluster III (55 DNA and 44 cDNA sequences), and occurred
between 10 and 13.5 m. Other cluster III sequences include one group related to Desulfovibrio
salexigens (four DNA sequences/ three cDNA sequences) and to Desulfovibrio baculus (four DNA
sequences / two cDNA sequences). Both groups occurred at 11.5 and 12.5 m and expressed nifH
genes. Within cluster I, sequences affiliated with Geobacter sp. (two DNA sequences / two
cDNA sequences) and Methylomonas methanica (two DNA sequences /two cDNA sequences)
were found from 8.5 to 13.5 m. However, sequences similar to Burkholderia vietnamensis (one
sequence), Cyanobacteria (two sequences), andMethylobacter sp. (two sequences) were recovered
only in the DNA.

Quantification of nifH genes and their expression

Specific primers for qPCR were designed based on the obtained nifH sequences for Chlorobium
(Group LC IIIa), Desulfovibrio sp. (Group LC IIIb) and Methylomonas methanica (Group LC
I) (Fig. 3.4c and d).
All these groups showed the highest DNA gene copy numbers between 12 and 13.5 m. The
most abundant N2 fixing phylotype was the Chlorobium-related Group LC IIIa with the highest
abundance of nifH DNA gene copies detected at 13.5 m (1.1 × 105 nifH copies ml−1). The
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Figure 3.5: 16S rRNA-based phylogenetic reconstruction showing the affiliation of sequences obtained
in this study (printed in bold) with selected reference sequences. Branching orders that were
not supported by all phylogenetic methods used are shown as multifurcations. The scale bar
represents 10% estimated sequence divergence. CFB, Cytophaga–Flexibacter–Bacteroides:
branches marked with asterisks indicate different positioning in the maximum-likelihood tree
compared to maximum-parsimony and neighbour-joining trees.

sulphate-reducing Group LC IIIb was the next most abundant group with the maximum of 12.4
× 103 nifH copies ml−1 at the same depth, followed by the least abundant Group LC I (1.1 ×
103 nifH copies ml−1). The highest gene expression of Group LC IIIa (1.62 × 105 nifH copies
ml−1) as well as for Group LC IIIb (1.9 × 103 nifH copies ml−1) occurred at 13 m. The gene
expression of Group LC I increased with depth through the chemocline, and was an order of
magnitude lower than that of Group LC IIIa at 12 m, but increased to similar levels at 14 m
(0.4 × 103 nifH copies ml−1). In the upper water column (8 and 11 m) abundance of nifH
genes from all three groups were detected. At these depths Group LC I was present in higher
abundance (≤ 370 nifH copies ml−1) than Group LC IIIa (≤ 36 nifH copies ml−1).

Halogen in situ Hybridisation-Secondary Ion Mass Spectrometry (HISH-SIMS

Using Halogen in situ Hybridization-Secondary Ion Mass Spectrometry (HISH-SIMS), individual
cells of the anaerobic, phototropic bacteria Chlorobium phaeobacteroides were analyzed with
respect to 15N2-assimilation. Four cells of Chlorobium were detected in our analysis by using
HISH-SIMS. Fixation rates were found to vary greatly amongst individual cells (0-0.8 amol N
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Figure 3.6: nifH -based phylogenetic reconstruction showing the affiliation of DNA sequences and cDNA
sequences (printed in italic and bold) with selected reference sequences (printed in italic).
Clusters I to IV as defined by Zehr and colleagues (2003). Branching orders that were not
supported by all phylogenetic methods used are shown as multifurcations. The scale bar
represents 10% estimated sequence divergence. Asterisks stand for branches which changed
the position in maximum-likelihood tree according to maximum-parsimony and neighbour-
joining trees. Groups of sequences from different depths are marked with symbols: (©) 1
sequence from 10 m, 11 sequences from 11.5 m, 12 sequences from 12.5 m, 3 sequences from
13.5 m; (�) 2 sequences from 8.5 m, 4 sequences from 11.5 m; (♦) 4 sequences from 12.5 m,
1 sequence from 13.5 m. Sequences selected for designing qPCR primers are marked with
boxes.

h−1) with only one out of four identified Chlorobium cells showing a substantial 15N-enrichment
(Fig. 3.7). No 15N-enrichment was observed for all other cells analyzed with HISH-SIMS (data
not shown).

3.4 Discussion

The chemical profiles we measured for Lake Cadagno in August 2006 were comparable to those
of earlier studies (Peduzzi et al., 2003; Tonolla et al., 1998, 2005) (Fig. 3.1). The chemocline was
situated between 11 and 14 m, and was characterized by dense populations of purple and green
sulphur bacteria, corresponding with low transmission. The high cell abundance was visible with
bare eyes, as pink staining of the water. Between 11.9 and 12.1 m a nitrate maxima indicated
active nitrification, while in a narrow zone between 12.1 and 12.8 m no inorganic nitrogen could
be measured.
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Figure 3.7: 15N2 fixation by C. phaeobacteroides. Parallel secondary ion images of C. phaeobacteroides
cells showing the abundance of 19F (A), and 15N/14N ratio (B). Scale bars 5 µm.

Microbial community structure

The transmission minimum did not coincide with the highest total microbial abundance, but
rather with the highest abundance of C. okenii. C. okenii is a large-celled phototrophic bac-
terium and was usually detected in the upper boundary of the chemocline, where anoxic, high
sulphate and low sulphide conditions were prevalent (Tonolla et al., 2004). Although C. okenii
represented only 0.1 to 0.2% of total DAPI counts in Lake Cadagno according to our study, it
may have accounted for up to 40% of total biomass due to their large cell size (Tonolla et al.,
1998). High assimilation of ammonium and inorganic carbon by this organism has also been
shown in a recent study (Musat et al., 2008). This characteristic was reflected in the modelled
NH+

4 consumption rates, both of which showed a maximum at the same depth as the maximum
of C. okenii abundance.
The chemocline was known to be dominated by purple sulphur bacteria until 1999 (Tonolla et
al., 2004). In 2000, a large shift from purple sulphur bacteria to green sulphur bacteria occured,
which was attributed to an unusual deep mixing event during the autumn of 1999, which dis-
rupted the chemocline, disturbed the nutrient balance and changed the light conditions (Tonolla
et al., 2004). C. clathratiforme, which is not able to fix nitrogen, replaced C. phaeobacteroides,
while the abundance of most of the purple sulphur bacteria decreased (Tonolla et al., 2005).
Our results showed that this reverse state still persisted at the time of this study.
At 12.5 m, where no inorganic nitrogen was detected, phylogenetic analyses of the 16S rRNA
genes showed a high diversity of bacteria. In accordance with CARD-FISH results, the largest
group of 16S rRNA sequences was related to the green sulphur bacteria Chlorobium. Similar
dominance of green sulphur bacteria have also been found in other meromictic lakes, such as
Lake Sælenvannet (Øvreås et al., 1997) and Lake Kaiike (Koizumi et al., 2004). In Mono Lake,
green sulphur bacteria were also present but in low abundance (Steward et al., 2004).
Another large group of sequences belonged to Synthophus gentianae, a δ-proteobacteria, which is
capable of degrading of aromatic compounds in co-cultures with a hydrogen-utilisung methanogen
or a sulphate reducer (Elshahed and McInerney, 2001). Sequences from both of these latter
groups have in fact been obtained in our clone library constructed from the chemocline. The
presence of sulphate reducing bacteria (Tonolla et al., 1999-2005) and Methylomonas (Bosshard
et al., 2000) in the lake has been known from earlier studies. However, we did not obtain any
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sequences from the purple sulphur bacteria Lamprocystis. This might be a result of PCR bias,
as it was detected by CARD-FISH albeit in relatively low numbers.

Nitrogen cycling in Lake Cadagno
In meromictic lakes little is known about nitrogen cycling, especially nitrogen fixation. In Lake
Kaiike (Japan), nitrogen fixation by green- and purple-sulphur bacteria was only inferred from
natural abundance of 15N and 13C measurements of chlorophyll and nitrogen isotopic composi-
tion of biomass, respectively. However, direct measurements of N2 fixation were not conducted
(Ohkouchi et al., 2005). In Mono Lake, no significant nitrogen fixation rate was detected by
the 15N-method though potential nitrogen fixers were present (Steward et al., 2004). Nitrogen
fixation by green sulphur bacteria is known from enrichment cultures (Wahlund et al., 1991;
Wahlund and Madigan, 1993), but a direct evidence for anaerobic phototrophic communities in
an environmental study is still missing. In the limnic lakes Windermere and Estwaite Water in
England acetylene reduction experiments obtained rates of 2.81 to 0.037-0.287 g N m−2 (Horne
and Fogg, 1970), and in Lake Ontario rates around 0.3 to 1.3 nM h−1 were measured during
summer (Liao, 1977). However, these rates should only be treated as potentials, as the acetylene
method requires a conversion factor to calculate rates, and that might be difficult to accurately
determine for environmental samples (Peterson and Burris, 1976; Montoya et al., 1996).
Compared to the lake studies in which (potential) N2 fixation rates were measured, the rates
obtained in Lake Cadagno (31.7 - 42.1 pM h−1) were moderate. To the total nitrogen assim-
ilation, comprised by nitrogen fixation and ammonium assimilation, nitrogen fixation (30 and
45 pM N h−1 ± 20 pM h−1) contributed only in a small proportion. The modelled ammonium
uptake rates in the chemocline, (mean 118 nM NH+

4 h−1) based on high-resolution profiles were
comparable to the measured total ammonium assimilation rates of 133 nM N h−1 from the
chemocline of Lake Cadagno in June 2007 (Musat et al., 2008).
The 15N-stable-isotope-pairing incubation experiments showed that nitrate was lost as N2 due to
denitrification (1.2 µmol N m−2 h−1) in the lower chemocline (Fig. 3.1d). If nutrient nitrogen is
lost from a system, this loss must be compensated by some nitrogen input to maintain biological
productivity. Both rate measurements and molecular evidence show substantial nitrogen fixa-
tion to co-occur with denitrification in the chemocline of Lake Cadagno. The detected nitrogen
fixation could account for ∼10% of the N-loss due to denitrification in the chemocline indicating
that either another nitrogen source remains to be identified or that the input through nitrogen
fixation was underestimated. Although rates were only measured in the chemocline, nifH qPCR
results showed that diazotrophs were also present and active above and under the chemocline,
suggesting additional potential for nitrogen fixation in the rest of the water column.

Phylogeny and activity of N2 fixing organisms in the chemocline
Amongst all organisms identified by CARD-FISH, only C. phaeobacteroides was known to be
diazotrophic. The genetic potential of N2 fixers based on the nifH phylogeny was examined for
five depths and the expression of this gene was further investigated at 12.5 m. The obtained
sequences showed a diverse population of diazotrophic bacteria. The phylogenetic affiliation of
these nifH sequences was consistent with the 16S rRNA affiliation at least on the genus or family
level.
The largest group of nifH sequences fell into a group with Chlorobium and was closely related to
C. phaeobacteroides (94% similarity based on the amino acid sequences) and C. tepidum (96%
similarity), which has not yet been described for Lake Cadagno. These sequences were obtained
mainly from 12.5 and 13.5 m, where they were also highly expressed. For at least C. tepidum
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it is known that N2-fixation is light-dependent (Wahlund and Madigan, 1993), which could be
the reason for the higher fixation rates detected under light rather than dark conditions at
these depths. The abundance of sequences obtained by qPCR (Group LC IIIa) coincided well
with the abundance of C. phaeobacteroides-like cells obtained by CARD-FISH, and were not
significantly different according to Mann-Whitney U-test (P<0.05). However, the expression
showed another pattern. While the highest number of DNA copies was detected at 13.5 m, the
maximum of cDNA copies coincided with the zone of undetectable inorganic nitrogen and the
measured nitrogen fixation rates. Spearman Rank Correlation showed a strong and significant
correlation between cDNA copies and total inorganic N (NH+

4 , NO−x , R=0.87, P<0.05), while
the correlation between total inorganic N and DNA copies was moderate (R=0.71, P<0.05).
The expression of nifH was still detectable at the depth where the ammonium concentration
was as high as 30 µM (13.5 m), and fixation rates were also detectable therein, which is at odds
with the general view that free ammonium inhibits nitrogen fixation (Wahlund and Madigan,
1993). However, our results were consistent with recent studies that argued for the occurrence
of N2-fixation in the presence of bioavailable nitrogen (Voss et al., 2004; Chen et al., 1996), and
those studies which measured N2 fixation after ammonium addition (Moisander et al., 2008,
Fulweiler et al., 2008). Furthermore, 15N2-assimilation by Chlorobium phaeobacteroides cells
provides direct evidence for this organism contributing to the nitrogen input in the lake (Fig.
3.7). Assuming that one out of four cells of C. phaeobacteroides (i.e. 25% of ∼360,000 cells
ml−1) were fixing nitrogen with a rate 0.8 amol cell-1 h−1, Chlorobium could account for 72 pM
15N h−1, which is comparable to the bulk 15N2-fixation rates measured at this depth (36.1 pM
15N per h). However, this does not imply that Chlorobium is the only organisms responsible
for N2-fixation in the chemocline of Lake Cadagno. In fact, the elevated dark fixation at 11.5
m might be attributed other nitrogen fixers as revealed by substantial abundance of nifH genes
and mRNA of organisms other than Chlorobium at this depth (Fig. 3.4).
Within the sulphate reducing bacteria (Group LC IIIb), two groups of nifH sequences related
to Desulfonema limicola (83% similarity) and Desulfovibrio baculus (89% similarity) occurred
in the chemocline. Their highest nifH gene abundance and expression were detected at 13
and 13.5 m, respectively. Some nifH sequences related to Methylomonas (97% similarity) and
Methylobacter (98% similarity), both methanotrophic organisms, were detected in the chemo-
cline. These nifH sequences were most closely related toMethylomonas methanica. The presence
of this genus was further verified by 16S rRNA phylogeny (Fig. 3.5). The qPCR primer and
probes for Methylomonas methanica (Group LC I) were designed from a small group of nifH
sequences which remained a separate group at 90% similarity. Quatification by qPCR showed
that Group LC I had the lowest gene abundance compared to Group LC IIIa (Chlorobium) and
IIIb. The highest gene abundance was found between 13 and 13.5 m, while the maximum nifH
expression occurred at 14 m. There was however a strong correlation between nifH DNA copies
and methane concentrations (data not shown).
Cyanobacterial nifH sequences were obtained at 12.5 and 13.5 m. The occurrence of cyanobac-
teria in suboxic and/or anoxic waters is consistent with reports from other meromictic lakes.
For instance, Synechococcus was present in the microaerophilic layer of Lake Kaiike (Koizumi
et al., 2004), and cyanobacterial sequences have also been reported in Mono Lake (Steward et
al., 2004). However, cyanobacterial nifH in Lake Cadagno were present only in low abundance.
There were also no 16S rRNA sequences detected, suggesting a probably less important role
of cyanobacteria in the microbial community of the chemocline in the lake. Sequences closely
related to Geobacter (96% similarity), a Fe(III)- reducer mainly known from soil and sediments
(Lovley 2003), were detected at 11.5 and 12.5 m, where iron was also measured (Fig. 3.1c). At
both depths, nifH was also expressed, implying that this kind of diazotrophs were present and
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active as well.

Conclusion and implications

The nifH gene and their expression, were detected in both oxic and anoxic waters, indicating
that N2-fixation might be occurring throughout the water column of Lake Cadagno. The highest
expression was measured in the chemocline, even in the presence of free ammonium. The activity
of N2-fixers in the chemocline was confirmed by 15N2 incubations. Chlorobiacea were the main
N2-fixers based on both gene abundance and gene expression. HISH-SIMS provided direct
evidence for N2-fixation by these green sulphur bacteria. Although the total N-assimilation in
the chemocline was mainly fuelled by ammonium diffusing up from deeper anoxic waters, N2-
fixation played an important role in partially compensating for the N-loss via denitrification. In
fact, nitrogen-loss and nitrogen-gain occurred at the same time and place, which is very different
from the conventional view of nitrogen cycling in the modern Ocean. The parallel occurrence
of denitrification and nitrogen fixation has been shown in sediment studies (Welsh et al. 2000,
Fulweiler et al. 2008), yet the occurrence of these two processes were thus far thought to be
spatially segregated in the water column. Recently, Deutsch et al. (2007) indicated a likely closer
connection between zones of N2-fixation and denitrification with an ocean circulation model.
Moreover, molecular fossils and stable nitrogen isotopic signatures of organic-rich laminated
sediments indicate that nitrogen loss and nitrogen fixation may have co-occurred in vast anoxic
areas of the ancient Ocean (e.g. Piper and Codispoti, 1975, Kuypers et al., 2004). Chlorobium
was postulated to be prolific in these ancient anoxic oceans (e.g. Summons and Powell, 1987;
Sinnighe Damsté and Köster, 1998; Grice et al., 2005). Our combined results provide for the first
time direct evidence of nitrogen fixation by Chlorobium, partly compensating for N-loss from
an anoxic aquatic system. Nitrogen fixation by these organisms may have played a similarly
important role in the nitrogen cycle of ancient anoxic ocean basins.

3.5 Experimental procedure

Study site and physico-chemical measurements

Lake Cadagno is an alpine meromictic lake located in Piora valley, Southern Alps of Switzerland
(46◦33’N, 8◦43’E). The lake is 840 m long, 420 m wide and 21 m deep. Water samples were
collected in August 2006 with a multi-syringe sampler from the centre of the lake for both
molecular analyses and labelling experiments. In parallel with sampling, in situ measurements
of temperature, conductivity, oxygen and light were performed.
For iron, sulphide, as well as ammonia, nitrite and nitrate measurements, water samples were
collected in 1 m steps from surface down to 18 m depth. In order to have a higher resolution
between 8 and 14 m depth, measurements were performed in 10 cm steps. A conductivity-
temperature-depth (CTD) probe (SBE 9plus; Sea-Bird Electronics, Washington, DC) equipped
with an oxygen sensor (SBE 43; Sea-Bird Electronics; sampling at 24 Hz, range: 0-120%Sat,
accuracy 2%Sat) was used to examine the physical properties of the water column. The seabird
oxygen electrode was calibrated using the Winkler method (Winkler, 1888). Total reactive iron
and sulphide were measured using the methods described by Stookey (1970) and Cline (1969),
respectively. Nitrate and nitrite were analysed by a NOx Analyser (42C NO-NO−2 NOx, Thermo
Environmental Instruments Inc., USA; and Hendrix, 1989). Ammonia was measured with the
method previously described by Holmes et al. (1999). Flux of NH+

4 was calculated using the
reaction-diffusion model described in Lam et al. (2007).
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Fluorescence in situ hybridization
Fluorescence in situ hybridization with HRP labeled oligonucleotide probes (Tab.1) were used
to target purple and green sulphur bacterial communities in the lake. Water samples collected
between 10.5 m and 14 m depth were fixed for 1 h with paraformaldehyde (1% final concentra-
tion) and filtered on polycarbonate filters (GTTP type; pore-size 0.22µm; Millipore, Eschborn,
Germany). Permeabilisation of the cells, hybridization and tyramide signal amplification were
performed as previously described by Pernthaler et al. (2004). After hybridization the cells were
counterstained with DAPI (1 µM) and counted using a fluorescence microscope (Axioskop2 mot
plus; Axiocam MRM, Axiovision 4.6, Zeiss, Germany).

Table 3.1: HRP-labelled oligonucleotide probes used in this study.
FISH

Probe Specificity Sequence(5’-3’) TargetPositiona(FA)b Source or reference

Apur453 Lamprocystis
purpurea

TCGCCCAGGGTA-
TTATCCCAAACGAC

16S 453–479 40 Tonolla et al. (1999)

(DSM 4197) (40%)

Laro453 Lamprocystis
roseopersicina

CATTCCAGG-
GTATTAACCCAAAATGC

16S 453–479 30 Tonolla et al. (1999)

(DSM 229) (40%)

Cmok453 Chromatium
okenii

AGCCGATGGG-
TATTAACCACCAGGTT

16S 453–479 35 Tonolla et al. (1999)

(DSM 169) (20%)

Chlp441 Chlorobium
phaeobac-
teroides

AAATCGGGAT-
ATTCTTCCTCCAC

16S 441–464 20 Tonolla et al. (1999)

(DSM 266) (40%)

Chlc190 Chlorobium
clathratiforme

GGCAGAACAA-
CCATGCGATTGT

16S 190–211 20 Tonolla et al. (1999)

(DSM 5477) (20%)

a. Position in the 16S rRNA of E. coli.
b. FA, formamide concentrations in the hybridization buffer calculated as per cent (v/v).

Nucleid acid extraction

DNA was extracted from water samples from between 8 to 17 m using the QIAGEN AllPrep
DNA/RNA Mini Kit (50) (Qiagen, Hilden, Germany). All extracted DNA samples were purified
with GENECLEAN R©Spin Kit (Q BioGene, Heidelberg, Germany). After RNA extraction co-
purified DNA was digested using Turbo DNAse (Ambion Inc.).

Amplification and cloning of the 16S rRNA gene

Nearly the complete 16S rRNA gene was amplified by PCR using bacteria-specific primers 8f
(Hicks et al., 1992) and 1492r (Kane et al., 1993) using DNA extracted from 12.5 m. The PCR
reactions contained 1 µl of each primer (50 µM), 10 µl total dNTPs (1 µM), 10 µl PCR buffer
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(10×), 10 µl BSA (3 mg ml−1), and 0.2 µl Taq polymerase (5U µl-1; Eppendorf, Hamburg, Ger-
many). The amplification was done with a Thermocycler Mastercycler gradient (Eppendorf) as
follows: an initial denaturation step at 96◦C for 10 min, followed by 33 cycles of 1 min denatu-
ration at 94◦C, 1 min annealing at 44◦C, and 3 min elongation at 72◦C, with a final extension
step of 60 min at 60◦C. The PCR products were cloned using PCR4 TOPO vector (Invitro-
gen, Groningen, Netherlands) according to the manufacturer’s instructions. The recombinant
vectors were transformed into chemically competent E. coli cells following the manufacturer’s
instructions. 300 randomly picked clones were sequenced using M13F, M13R (Yanisch-Perron
et al., 1985) and GM1F (Muyzer et al., 1993) primers.

Reverse transcription, amplification and cloning of nifH

Clone libraries were constructed for the nifH gene using as initial template total DNA from 8.5,
10, 11.5, 12.5 and 13.5 m, using nifH primers described in Zani et al. (2003). To detect if the
nifH gene amplified from total DNA is also expressed, another clone library was constructed
from 12.5 m water depth using cDNA as template. The amplification of the nifH gene from
total DNA (1 to 20 ng/µL) was done using Taq-Gold polymerase (Applied Biosystems) and the
primers and the nested PCR method described previously by Langlois et al. (2005).
cDNA was obtained by using QuantiTect R©Reverse transcription Kit according to manufacturer’s
instruction. The cDNA was amplified using the same procedure, except that 30 cycles were used
for the second PCR step. Amplicons of the predicted 359 bp size were cloned as described above.
Randomly picked clones were sequenced using M13F primer. 90 Sequences from DNA and 72
sequences from cDNA were used for phylogenetic analyses.

Table 3.2: Quantitative PCR primers and TaqMan probes designed for this study.
Primer Reference

Type Reverse Forward Probe sequence
Group LC IIIa CGGGTATTTCTGTAAC ACTTCGCGAGGAG AGTTGAACTTGAAGATATC FJ502296

CATCTTTGA (116–92) GGTGAA (51–69)

Group LC IIIb CCACGTCTTCACCCTC TGGGTGGTCTGGC CAGTGCTTGATACCC FJ502297
TTCAC (65–48) TCAGAA (4–26)

Group LC I CCAGCGTCTGACGCC ACACGTTTAATCCT CGCAAAACTCGATTATG FJ502316
ATT (66–49) TCACGCAAA (17–35)

Numbers in parenthesis indicate sequence positions based on reference sequences.

Sequencing and phylogenetic analysis

The partial sequences were aligned and compared with the BioEdit software (Hall, 1999), and
grouped based on sequence similarity (more than 97% for 16S rRNA sequences and 98% (2bp)
for nifH sequences). Representative clones for each similarity group were fully sequenced. All
sequencing reactions were performed with an ABI PRISM 31000. The 16S rRNA sequences
were deposited in GenBank under accession nr FJ502249 - FJ502279. The nifH sequences were
deposited in GenBank under accession nr FJ502280 - FJ502317.
Sequence data were analyzed with the ARB software package (Ludwig et al., 2004). Phylo-
genetic 16S rRNA and nifH trees were calculated by performing neighbour-joining, maximum
likelihood and maximum parsimony analysis using different sets of filters to exclude the influ-
ence of highly variable positions and without any filter. Topologies derived by these different
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approaches were compared with each other to construct a consensus tree. For tree reconstruc-
tion of 16S rRNA, only nearly full-length sequences (≥1300 bp) were considered. For the nifH
tree, sequences of cluster II (Methanococcus aeolicus Nankai-3, YP_001325622, Methanococcus
thermolithotrophicus., P25767, and Methanococcus maripaludis C7, YP_001329319), and clus-
ter IV (Methanococcus maripaludis C5, AAWI01000000 AAWI01000001 AAWI, Methanococcus
vannielii SB, ABR55051, Methanococcus aeolicus Nankai-3, ABR56092, and Methanosarcina
lacustris., Q977F4) were chosen as out-groups.

Quantitative PCR

The qPCR was performed as described in Langlois and colleagues, (2008) with following modi-
fications.

Primer selection. Based on nifH sequence information from the samples, primers and TaqMan
MGB probes (6-Fam reporter) were created to target three diazotroph phylotypes using Primer
Express (version 2.0; Applied Biosystems) (Tab.2). All primers and probes were checked against
the NCBI database with a BLAST search to ensure that they did not contain any near perfect
sequence matches, other than the targeted phylotypes. Standards for the different phylotypes
were obtained by cloning the environmental sequences for each phylotype into Top10 cells.
Plasmid extraction and purification was done using the Qiagen plasmid purification kit according
to the manufacturer’s instructions. Plasmid DNA concentrations were measured with NanoDrop
ND-1000 (PeqLab) and diluted to 0.4 ng ml−1; which corresponds to 107 target sequence copies in
a 5 µl volume. Serially diluted plasmid standards for Chlorobium tepidum-related Group LC IIIa,
Desulfovibrio-related Group LC IIIb, and methylotroph Group LC I were used to calculate copy
numbers in the qPCR assays. Primer efficiencies were calculated using the formula: 10−1/slope-1
(Atallah et al., 2007) and were 97%, 99%, and 99%, respectively.

qPCR assays and detection limits. All qPCRs were run on an ABI Prism 7000 (Applied
Biosystems) using the cycling program according to Langlois and colleagues 2008.
The specificity tests of the qPCR primer and probe sets were confirmed according to Langlois
and colleagues (2008).
No unspecific amplification was observed and Ct values for standards in mixed DNA samples
did not shift, indicating that the primers were specific and that the presence of various amounts
of similar DNA did not affect the quantification of a specific phylotype. Quantitative PCR and
RT qPCR was performed with DNA from 13 depths between 8 m and 17 m and cDNA sam-
ples from 12 depths between 8 m and 17 m. Concentrations of DNA and RNA in the samples
were measured with Picogreen R©dsDNA Quantitation Kit and Ribogreen R©RNA Quantitation
Kit (Molecular Probes), respectively. RNA for qPCR was transcribed with SuperScriptTMIII
Reverse Transcriptase (Invitrogen) using the manufacturer’s instructions and 1 pmol each of
primers nifH3 and nifH2 and 2-60 ng (average 20 ng) RNA.
qPCR mixtures contained 1 × TaqMan PCR buffer (Applied Biosystems), 100 nM TaqMan
probe, 5 pmol/µl each of the forward and reverse primers, 10 ng bovine serum albumin (BSA),
3 µl PCR water, and 5 µl of either standard or environmental sample (which corresponded to
0.13 to 1.63 ng environmental DNA, with an average of 0.87 ng, and 0.16 to 6.47 ng environ-
mental cDNA, with an average of 3.1 ng). Environmental DNA and cDNA samples were run in
triplicates. Standards were serially diluted (107 to 101 copies) and run in duplicates.
No-template controls were run in duplicate for each primer/probe set and were undetectable af-
ter 45 cycles, thus setting the theoretical detection limit of our assay mixture to one nifH copy.
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To minimize potential differences between qPCR reactions run on different days, all samples
were measured in one day. The ABI 7000 system SDS software (version 1.2.3; with RQ study
application) was used to analyse the qPCR data.

HISH-SIMS Analysis of individual N2-fixers
HISH-SIMS analyses of individual Chlorobium phaeobacteroides cells from water samples col-
lected from 12.5 m was performed as described previously by Musat et al. (2008). Prior to
NANO-SIMS analysis, filters were hybridized with the specific oligonucleotide probe CHLP441
specifically targeting C. phaeobacteroides (Tab.1).

15N-Labeling experiments
15N incubations for denitrification and anammox processes were done as previously described
by Kuypers et al. (2005). Nitrogen fixation and CO2 uptake rates were measured with the
15N-dinitrogen gas and 13C-bicarbonate for in situ experiments. The general procedure was
described in Montoya and colleagues (1996) with following modifications. Water from 11.5 m,
12.5 m and 13.5 m depth was filled into 250 ml bottles in triplicates. To each bottle, 1 ml
of 15N2 gas and 13C-bicarbonate (13C- sodium hydrogencarbonate; 160 µM end concentration)
were added with gas tight syringes. The samples were incubated under nearly in situ conditions
by hanging the bottles into the lake at 10 m water depth for 5 to 8 hours. After incubation
between 50 and 200 ml of water was filtered on glass-fibre filters (GF/F; Millipore, Volketswil,
Switzerland) and frozen at -20◦C until further analyses in the laboratory. For all depths, water
samples were filtered for natural stable isotopic background measurements. After freeze-drying
and decalcifying the samples, they were introduced into a Thermo Flash EA 1112 elemental
analyzer coupled to an isotopic ratio mass spectrometer (Thermo Delta Plus XP, Thermo Fisher
scientific) and the results were used to calculate to fixation rates in pM h−1 for N and nM h−1

for C.
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4.1 Abstract

Nitrogen assimilation in the upper 200 m of the water column of the subtropical southern
Pacific, the worlds largest oligotrophic subtropical gyre, was investigated at 11 stations during
R/V Revelle Cruise KNOX02RR, in December 2006 to January 2007, using a combination of
biogeochemical and molecular biological methods. Seven stations were situated along a zonal
axis in the centre of the gyre, while the second half of the cruise crossed into the less oligotrophic
waters along the southern edge. Concentrations of dissolved inorganic nitrogen (ammonium and
nitrate) and phosphate in the photic zone of the gyre were at or below detection limit (<0.08
µM). Maxima in chlorophyll a concentrations (0.15 to 0.36 µM Chl l−1) were between 100
m and 200 m depth. Addition of 15NH+

4 and 15N-leucine stimulated total primary production,
indicating that fixed nitrogen was the limiting factor during the first transect to the centre of the
gyre. To see if nitrogen fixation compensated for the fixed nitrogen limitation, we did incubation
experiments with 15N2 gas and measured nitrogen fixation rates between between 0.001 and 0.19
nM N h−1 under both light and dark conditions at almost all stations and depths. Based on our
combined results, primary production decreasing from the southern edge towards the centre of
the gyre in the absence of measurable inorganic N, was mainly fuelled by nitrogen fixation. The
limiting factor of N2-fixation at the southern edge was not apparent. Phylogenetic analyses of
nifH gene expression at four stations obtained by RT-PCR revealed a dominant abundance of
γ-Proteobacteria, and a small cluster of the cyanobacterial group related to Group A (UCYN-
A). This apparent dominance of heterotrophic diazotrophs is also supported by comparable
15N2-fixation under dark and light conditions. We conclude that in the ultra-oligotrophic South
Pacific Gyre N2-fixation is a major source of oceanic new nitrogen. Furthermore, the dominance
of photoheterotrophic and heterotrophic diazotrophs and the absence of detectable autotrophic
N2-fixing bacteria indicated that a hitherto unknown bacterial community structure exists in
these ultra-oligotrophic waters.
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4.2 Introduction

The nitrogen (N)-starved oceanic gyres provide an ideal habitat for the development of nitrogen-
fixing microbial communities (Karl, 2002). Nitrogen fixation in these gyres is the primary source
of fixed nitrogen into the open ocean and is a key process influencing global oceanic productiv-
ity and the associated carbon flux (Falkowski, 1997; Karl et al., 1997; Codispoti, et al., 2001;
Capone, et al., 2005; Capone and Knapp, 2007). The subtropical open-ocean ecosystems (i.e.
subtropical gyres) represent 40% of the Earth’s surface and therefore microbial processes that
occur in these gyre systems play an important role in the global oceanic carbon and nitrogen
budgets (Karl, 2002). In most gyres, Trichodesmium blooms are considered the only quanti-
tatively important contributors to nitrogen fixation (e.g. Westberry et al., 2006; Moisander et
al., 2008), but recent studies have shown that unicellular cyanobacteria contribute a significant
amount to the total N-budget (e.g. Montoya et al., 2004; Needoba et al., 2007).
While the subtropical gyres on the northern hemisphere have been studied frequently, investi-
gations of N-cycling in the southern hemisphere are scarce. The largest of all subtropical gyre
systems is the South Pacific Gyre. The extension of the gyre, the chlorophyll a and nutrient
concentrations as well as physical forcing differs throughout the year (McClain et al., 2004).
Due to downwelling and its extreme remoteness from any continent, the South Pacific Gyre
is the most oligotrophic Ocean area with the lowest chlorophyll a concentrations of the global
Oceans and with the clearest natural water in the centre (McClain et al., 2004; Morel et al.,
2007). Nutrients such as phosphate, nitrate and iron limit the primary productivity in this
environment, and dust deposition is also extremely low (Wagener et al., 2008). Bonnet et al.
(2008) described a change from Fe-limitation at the northern edge of the South Pacific Gyre
to N-limitation in the centre, while the availability of phosphate remained above the level that
would lead to phosphate limitation (Moutin et al., 2008). Nitrogen fixation rates are reported in
the surface waters of the eastern part of the South Pacific Gyre, but the responsible organisms
are not known so far (e.g. Moutin et al., 2007; Raimbault et al., 2008).
The most recent data have been obtained during a N-E cruise in early austral summer (Oc-
tober/November) (e.g. Raimbault et al., 2008, Moutin et al., 2007). Further informations are
known from satellite data (e.g. Qiu and Chen, 2003; McClain et al., 2004). Nevertheless, for
the southern and southwestern part of the South Pacific Gyre no N2 fixation data exists.
Here we present results from N2-fixation studies over two cruise transects: (1) a zonal transect
from Samoa along the major axes of the gyre to the centre, and (2) a zonal transect along the
southern edge of the gyre. Besides basic physical oceanographic and nutrient measurements,
nitrogen fixation was examined as a new nitrogen source, and compared to ammonium and
leucine uptake rates and the associated dissolved inorganic carbon (DIC) fixation. To examine
the organisms responsible for nitrogen fixation, the phylogeny of the expressed functional gene
biomarker for nitrogen fixation (nifH ) was analyzed.

4.3 Materials and Methods

Water-column sampling and hydrochemical measurements

Sampling was conducted on the R/V Roger Revelle (KNOX02RR) in austral summer (December
2006/ January 2007 from Apia, Samoa to Dunedin, New Zealand) along two transects. During
the northern transect, there were 7 sampling stations from station 1 (23◦51.0’S, 165◦38.6’W)
eastward to the centre of the South Pacific Gyre (station 7, 27◦44.5’S, 117◦37.2’W). The south-
ern transect was located at the southern edge of the gyre, with four stations from 38◦03.7’S,
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133◦05.5’W (Station 8) westward to 45◦57.9’S, 163◦11.1’W (Station 11). In addition, samples
were collected between the transects at 122◦49.5’W, 31◦20.7’S (Trans1) and 127◦24.9’W, 34◦24.8’
S (Trans2) and two samples at 170◦04.8’W, 45◦54.1’S (Trans3) and 179◦11.1’O, 45◦48.2’S (Trans4)
after the last station (Station 11) were taken from the on board seawater supply. Water samples
were taken in the upper 200 m from a CTD-rosette system (Sea-Bird) fitted with twenty-four
2.5 l Niskin bottles. Chlorophyll a was measured using a fluorometer (Seapoint) fitted to the
CTD cast system. Chlorophyll a was not measured at the first station due to technical problems
with the sensor. At every station, water samples were taken from three to five depths, from
the surface down to chlorophyll maximum. At each depth, samples were taken for analyses of
ammonium, nitrite, nitrate, and dissolved inorganic carbon (DIC). Ammonium was measured on
board with the fluorescence method (Holmes et al., 1999). About 50 ml of seawater subsample
of each depth was immediately frozen for later nutrient analyses in a shorebased laboratory.
Phosphate, nitrate and nitrite were analysed by a Nutrient Analyser (Alpha Laval, Traacs 800,
Bran Luebbe GmbH, Norderstedt, Germany). DIC was measured according to the flow-injection
technique described by Hall and Aller (1992).

15N and 13C incubation experiments

Nitrogen fixation and bicarbonate uptake rates were measured simultaneously by conducting
incubation experiments with 15N-dinitrogen gas and 13C-dissolved inorganic carbon (DIC) as
described in Montoya et al. (1996) with the following modifications. Seawater from each sam-
pled depth was filled into 1 liter gas-tight glass bottles without headspace. To each bottle, 4 ml
of 15N2 gas and 13C-sodium hydrogen carbonate (200 µM end concentration) were added with
gas-tight syringes.
Ammonium and leucine assimilation rates were determined in parallel on water samples from
the surface and chlorophyll maxima. Seawater subsamples were filled into 250 ml glass bottles in
triplicates and incubated with either 15N-ammonium (2 µM end concentration) or 15N-leucine
(19.5 µM end concentration), while 13C-sodium bicarbonate (200 µM end concentration) was
added to both experimental series at the same time.
All experimental samples were incubated in a water bath with surface water continuously flow-
ing through on deck for 5 to 8 hours. If the CTD was run during the evening or night, water
subsamples for the incubations were stored at room temperature in the dark until the next
morning. Bottles for the lower depths were covered with gauze to reduce light intensity. For
each experimental series, parallel dark incubations were also made by covering subsampled bot-
tles with aluminum foil and placed inside a dark plastic bag. Experiments were terminated by
filtering the incubated water on to combusted glass fibre filters (GF/F Millipore, Volketswil,
Switzerland) and frozen at -20◦C until further analyses in a shorebased laboratory. For all
stations, surface water was filtered for natural 15N and 13C stable isotopic background measure-
ments of particular organic carbon and particular nitrogen. In a shorebased laboratory, GF/F
filters were freeze-dried and acidified with hydrochloric acid (36% in an execator) to remove
inorganic carbon in the samples. They were then introduced into a Thermo Flash EA 1112
elemental analyzer coupled to an isotopic ratio mass spectrometer, (Thermo Delta Plus XP,
Thermo Fisher Scientific) to determine the C- and N- stable isotopic compositions. Carbon and
nitrogen assimilation rates were then calculated as the increase in 13C and 15N isotopic ratios
with time and presented here in units of nM h−1. At station 11, experiments were performed
for one depth two days after sampling due to stormy weather.
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Total microbial abundance

For every sampled depth, 15 or 30 ml of seawater subsample was filtered on to a polycarbonate
membrane filter (0.2 µm pore size, GTTP, Millipore). A section of each filter was stained with
DAPI (1 µM) and cells were counted under an epifluorescence microscope (Axiophot, Zeiss,
Germany). Total microbial abundances were calculated to the unit of cells ml−1.

Nucleid acid extraction and gene expression analyses for nitrogenase genes (nifH)

For RNA-extraction, 10 litres of seawater from the surface and chlorophyll maximum were
filtered through a sterivex filter (Millipore) and fixed with RNA-later (Ambion, Applied Biosys-
tems). They were frozen at -80◦C until further processing in a shorebased laboratory.
RNA was extracted from samples from surface water and chlorophyll maxima of stations 6, 7,
8, and 9, using the Totally RNATM Kit (Applied Biosystems) with prior cell-lysis and prote-
olysis procedures within the filter cartridge as previously described in Somerville et al. (1989)
and modified in Lam et al. (2007). To examine the expression of the nitrogenase gene, nifH,
first-strand cDNA was obtained from the RNA extract using SuperScriptTM III First Strand
Synthesis SuperMix (Invitrogen) was performed with gene specific primer, nifH3 (Zani et al.,
2000; Langlois et al., 2005; Halm et al., 2009) and was treated with 2 units of RNaseH (Am-
bion). The nifH cDNA fragments were subsequently amplified. The amplification of the first
strand reaction (1 to 20 ng µl−1) with AmpliTaq-Gold polymerase (Applied Biosystems) and
the primers and the nested PCR method as described previously by Langlois et al. (2005), but
with 40 and 35 cycles for the first and second PCR, respectively.
Amplicons of the predicted 359 bp size were cloned using the TOPO TA cloning kit for sequenc-
ing (PCR4 vector, Invitrogen, Groningen, Netherlands). The plasmids of the positive clones
were sequenced using BigDye terminator kit 3.0 (Applied Biosystems). From all clone libraries,
96 sequences were used for phylogenetic analyses with the ARB software package (Ludwig et
al., 2004). Phylogenetic nifH trees were constructed by performing neighbour-joining, maximum
likelihood and maximum parsimony analyses based on amino acids and using different sets of
filters to exclude the influence of highly variable positions, and without any filter. Topologies
derived by these different approaches were compared with each other to construct a consensus
tree.

4.4 Results

Physico-chemical profiles of the water column based on CTD sensors

Throughout the central gyre (Station 1 to Station 7) surface waters were 23.4◦C (± 1.2◦C) and
along the southern transect the surface temperature decreased from 20◦C at station 8 to 13◦C
at station 11. In the centre of the gyre, the thermocline was located between 50 and 100 m,
while at the southern edge the thermocline was shallower and sharper (25-30 m). The potential
density anomaly σθ (Fig 4.1c) showed that the pycnocline exhibited a constant depth of 50
meters, whereas there was an apparent shoaling of the pycnocline westwards in the southern
transect. (Fig 4.1d).
In the upper 60 m, chlorophyll a concentrations were near or below the detection limit and
increased with depth to a maximum at a water depth of 100 m (0.39 µg Chl a l−1) at Station 2
and as deep as 200 m at station 7 (0.28 µg Chl a l−1) (Fig 4.1e). The chlorophyll maxima were
situated along the same isopycnal surface (between 26 and 26.5 kg m−3), except station 4, where
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weaker chlorophyll concentrations (<0.2 µg Chl a l−1) were located deeper (between 25.8 and 26
kg m−3). At stations 8, 9 and 10 two chlorophyll maxima were measured, an upper one between
40 to 50 m, and a lower maximum with slightly higher concentrations at around 100 m depth
(Fig 4.1f). The mean value of measured chlorophyll a concentration in the water was 0.13 µg
l−1 in the centre of the gyre and 0.31 µg l−1 throughout the southern transect. Total microbial
abundance was in general lower in the centre (0.6 and 4.7 × 105 cell ml−1; Fig 4.1g) than
along the southern transect (0.95 and 12.44 × 105 cell ml−1; Fig 4.1h). The highest microbial
abundance was usually found above the chlorophyll maximum within the surface mixed layer.
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Figure 4.1: Map showing the location of the cruise stations for the northern transect into the centre
of the gyre (a) and along the southern edge (b), both superimposed on a SeaWiFS surface
Chla composite image (First week of January 2007), vertical distribution of potential density
anomaly (σθ) along the northern transect (c) and the southern transect (d), chlorophyll a
measurements (e+f), and total microbial abundance (g+h). Plots (c) to (h) were made with
Ocean Data View (Schlitzer, 2008).
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Distribution of inorganic nitrogen and phosphate

Ammonium concentrations in the surface waters ranged from under detection limit (< 20 nM) at
station 1 to 50 nM at station 7 (Fig 4.2a). At all stations, ammonium concentrations increased
slightly with depth. The ammonium concentrations at the southern edge of the gyre were be-
tween 80 and 480 nM, with maximum values at 60 to 100 m depth, at the lower boundary of the
chlorophyll maximum (Fig 4.2b). The ammonium maximum measured around the chlorophyll
maximum along the southern transect, could be produced by local imbalances between ammo-
nium regeneration and uptake, caused by active regeneration at the base of the photic zone where
ammonium uptake by the phytoplankton was inhibited by low light intensities (Raimbault et
al., 2008). The extremely low concentration of ammonium in the centre of the gyre indicated a
lack of regeneration activity or a tight coupling between regeneration and ammonium oxidation
(nitrification).
Along the northern transect, nitrate and phosphate concentrations were close to detection limit
at the surface to 100 m and increased slightly with depth to the deep chlorophyll maximum
at 150-200 m, to concentrations of 1 µM and ≤ 0.1 µM, respectively (Fig 4.2c+e). Along the
southern transect, the surface nitrate concentrations were considerably higher (1 to 5 µM, mean
∼ 2.9 µM)(Fig 4.2d+f). Nitrate increased with depth to concentrations between 3.4 µM at
100 m at station 9 and a maximum value of 7.7 µM at station 11 towards New Zealand. In-
terestingly, a notably lower PO3−

4 concentration (0.11 µM) was measured near the surface at
station 8, which coincided with a local minimum of nitrate but maximum in ammonium. The
phosphate concentrations increased with depth to 0.94 µM at 110 m. Maximum concentrations
were measured at station 10 at 20 m (1.05 µM) and at station 11 at 100 m depth (1.1 µM).

N* and P*

The inorganic nitrogen and phosphate concentrations were used to calculate N* and P* values
for both transects by using the equations of Deutsch et al. (2001) and Deutsch et al. (2007),
respectively. N* is a linear combination of nitrate (N) and phosphate (P) based on the Redfield
ratio (N:P=16:1) (Redfield et al., 1963). It can be calculated by N*=N-16∗P+2.90 µmol kg−1,
with N= nitrate concentration and P= phosphate concentration. Processes like N2-fixation
or remineralization of N-rich organic matter lead to high N*-values, whereas N-loss areas are
characterized by low or negative N*-values. P* is a convenient estimate of the excess in dissolved
inorganic phosphate (DIP) relative to dissolved inorganic nitrogen (DIN), when it is assumed
that these nutrients are utilized following the Redfield ratio. When nitrogen fixation occurs, the
consumption of phosphate is not correlated to the consumption of fixed N, and will decrease the
N:P ratio. P* is given by P*=PO3−

4 - NO−3 /rn, with rn= 15:1. Nutrient uptake by non-nitrogen
fixing organisms will not affect P*-values, while N2-fixation will remove phosphate alone and
decrease P* (Deutsch et al., 2007).
The northern transect was characterised by slightly positive N* values around 1.75 - 2.8 µM
(Fig 4.2g). A local minimum occurred at station 3 at 40 m (ca. 1.75 µM). Between 40 and 150
m at station 2 to 6 the values were lower than at the surface or at lower depths. Meanwhile
the P* values were very close to zero or slightly positive, with small maximum around 40 m at
station 3 (0.075 µM) (Fig 4.2i). In contrast, negative N* values were observed throughout the
southern transect (-2.5 and -8 µM), with most negative values found at the surface of station
10 (-11 µM) (Fig 4.2h). The P* values on the other hand, were generally an order of magnitude
higher than those found within the gyre, reaching >0.9 µM at the surface of station 10 (mean
∼ 0.5 µM) (Fig 4.2j). The combined results of N* and P* indicate an N-deficit in the centre of
the gyre and good conditions to find nitrogen fixation.
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Figure 4.2: Vertical distribution of nutrients along the northern (left panels) and southern (right panels)
transects: ammonium (a+b), nitrate (c+d), phosphate (e+f), N* (g+h), and P* (i+j).
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N2 fixation rates and corresponding bicarbonate uptake
Nitrogen fixation rates ranged between 0.001 and 0.19 nM N h−1 in the centre of the gyre (Fig
4.3). Most 15N2-incubation experiments in the dark yielded dark N2-fixation rates very similar
to, or sometimes higher than those under light conditions. At the southern edge of the gyre N2-
fixation rates were on average higher (0.012-0.035 nM N h−1). No apparent vertical trends could
be discerned in either transect. At some stations (2, 4, and 6), the highest nitrogen fixation rates
coincidenced with maxima in total microbial abundance above the chlorophyll maximum. At
station 3 and 5 the highest rates beneath the surface were obtained at the chlorophyll maximum,
with the highest light stimulated rate of 0.19 nM N h−1 at the chlorophyll maximum in 120 m
depth at station 3. However, overall no clear and significant correlation was discernible between
N2-fixation rates and chlorophyll concentrations and/or total microbial abundance.
In contrast to the N2-fixation rates, 13C-bicarbonate uptake rates within the same incubation
were shown to be strongly light-dependent, particularly in the northern transect. In general,
higher uptake rates were measured along the southern transect (0.048-27.8 nM h−1) than in the
centre of the gyre (0-2.6 nM h−1). DIC-uptake rates in general decreased with depth in the
daylight. At stations 8 to 10 dark C-uptake rates in the subsurface water nearly equalled those
under light conditions.
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Figure 4.3: Nitrogen fixation rates and the corresponding inorganic carbon uptake rates.
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Assimilation rates of ammonium and leucine and their corresponding bicarbonate
uptake rates
The ammonium assimilation rates, obtained by 15NH+

4 -incubation experiments, ranged from 0.4
to 1.7 nM h−1 in the centre of the gyre and from 0.4 to 1.3 nM h−1 at the southern transect (Fig
4.4). At stations 1, 2 and 4, assimilation rates showed depth dependence in both light and dark
conditions, with highest rates in the surface water and lowest rates below 100 m. At station
1, the ammonium assimilation under light conditions was significantly and positively correlated
to the cell abundance (0.8 Spearman’s rank correlation, P=0.05). In general, the bicarbonate-
assimilation in ammonium amended samples was the highest near the surface in the light (up to
10.2 nM C h−1), and was clearly light dependent above the chlorophyll maximum at all stations
except at station 9.
The assimilation rates of the amino acid leucine were determined to be 0.3 to 1.12 nM h−1 at
stations 4-8, and were only 0.07 to 0.8 nM h−1 at stations 1, 2, 3, and 9. Light incubations
showed in general higher rates than dark incubations in the leucine incubations as well as in
the corresponding DIC assimilation rates (up to 10.9 nM h−1). There was moderate correlation
between C-uptake and total cell abundance (0.52, P=0.05), but not between leucine uptake and
cell abundance.

Figure 4.4: Ammonium assimilation rates (top left) and the corresponding inorganic carbon uptake rates
(bottom left), Leucine assimilation rates (top right) and the corresponding inorganic carbon
uptake rates (bottom right).
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Phylogenetic analyses of expressed nifH genes

Most of the nifH cDNA sequences belonged to cluster I, and one belonged to cluster III ac-
cording to the definition by Zehr et al. (2003) (Fig 4.5). Among the cyanobacteria, 7 unique
sequences were obtained with a similarity of ≤95%. The closest relatives were uncultured marine
bacteria previously obtained from the North Pacific Subtropical Gyre described by Zehr et al.
(2008), and were closely related to cyanobacterial UCYN-A (Group A). All sequences related to
cyanobacteria were obtained from surface water at station 7 (Table 4.1). The closest cultured
relatives were Synechococcus and Cyanothece, with less than 90% similarity.
Most of the obtained sequences belonged to γ-Proteobacteria. These sequences can be catego-
rized here into different subgroups, namely γ-Proteo 1 to 3. Within each of these groups, they
were still fairly diverse (amino acid similarity >84-99% γ-Proteo 1 and 2, >89-98% γ-Proteo
3). The phylotypes related to our sequences have been previously reported in the amplification
of DNA and cDNA obtained from the Red Sea, Mediterranean Sea, Atlantic, and the Pacific
(Foster et al. 2009, Man-Aharonovic et al. 2007, Langlois et al. 2005, Hewson et al. 2007, Zehr
et al. 2007, Church et al. 2008, Moisander et al. 2008).
The subgroup γ-Proteo 1 consisted of 38 sequences from the surface water of Stations 6 and 8
and was related to sequences obtained from the central Atlantic and Mediterranean Sea. The
nearest related cultured representative was Thioalkalispira microaerophila (< 96% similarity),
and uncultured bacteria found in the tropical Atlantic, the Mediterranean Sea and a microbial
mat (Langlois et al., 2005; Man-Aharonovich et al., 2007; Omoregie et al., 2003). The subgroup
γ-Proteo 2 included 16 sequences from the surface water at station 6, 8 and 9, and from the
chlorophyll maximum at station 6 and 9. This cluster was related to Vibrio and Azomonas (≤
93% similarity). γ-Proteo 2 included sequences related to uncultured bacteria found in the North
Atlantic, Red Sea and North Pacific Gyre (Hewson et al., 2007; Foster et al., 2009; Church et
al., 2005a). The γ-Proteo 3 consisted of 18 sequences which appeared in the centre of the gyre
only, in the surface waters of station 7 and one sequence from chlorophyll maximum at station 6.
These sequences were closely related (99% similarity) to a sequence previously identified from
cDNA in the NPSG by Church et al. (2008). At station 9 at 40 m depth a single sequence
was obtained belonging to cluster III, with the closest relative being Candidatus Azobacteriodes
(82% similarity).

4.5 Discussion

Primary productivity in ultra-oligotrophic gyre system

Oligotrophic gyres are the largest ecosystems on earth. While the primary productivity within
these biomes may be relatively small, their enormous size makes the total contribution significant
to the global ocean systems (McClain et al., 2004).
Due to extremely low or undetectable dissolved nitrogen and phosphate as well as the chlorophyll
concentrations (Fig 4.1,4.2), the centre of the South Pacific Gyre can be categorized as an
ultra-oligotrophic region. At the southern edge of the gyre the nutrient concentrations were
significantly higher. This region can also be considered as oligotrophic, because compared with
other parts of worlds oceans, nutrient concentrations were still low.
The total particulate carbon content (17-22.6 µg C l−1) and particular nitrogen content (2.2-2.8
µg N l−1) of the northern transect (station 2-7) were just about 28% and 20% of the concentration
along the southern transect, respectively. The extremely low 13CO2 uptake rates (maximum of
2.6 nM C h−1 in the gyre) reflected the low abundance of phytoplankton. The uptake of 13C-
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bicarbonate, obtained together with the N2-fixation rates, can be taken as primary production
rates under not stimulated conditions. Therefore, primary production in the centre of the gyre,
was extremely low, in comparison to the southern edge. Raimbault and Garcia (2008) had
rates about 5 times higher (around 12.5 mmol m−2 d−1) for the north eastern part of the
South Pacific Gyre, maybe due to seasonal variability and due to regional differences. In more
eutrophic oceanic regions, e.g. the West Pacific equatorial zone, primary production rates of
0.12 mM C h−1 can occur (DiTullio et al., 2003).

Nitrogen limitation in the South Pacific Gyre

Our cruise took place in austral summer (December/ January), when the expansion of the gyre
was at its maximum and chlorophyll a concentrations were lowest (McClain et al., 2004). At
sampling sites along the major axis to the centre of the South Pacific Gyre chlorophyll a con-
centrations were at minimum. The centre of the subtropical gyre was also characterized by high
N* and low P* values (Fig 4.2g, i), which is in good agreement with the results of Deutsch et
al. (2001, 2007). Positive values of N* and P* values close to zero indicate that the centre of
the gyre was N-limited and could suggest the occurrence of nitrogen fixation. At the southern
edge, N* was strongly negative, while P* increased up to 1 µM, indicating that these waters
experienced substantial N-loss.
In the centre of the gyre, the DIC-uptake in the 15NH+

4 -incubation, at least under light con-
ditions, were up to 20 times higher than the parallel C-uptake rates in the 15N2-incubation
experiments. Even the DIC-uptake rates corresponding to the 15N-leucine incubations showed a
clear stimulation of primary production, sometimes even higher than with ammonium addition.
However, the 15N-leucine uptake rates were in general lower than the 15NH+

4 -uptake. The higher
15N-leucine uptake at stations 4, 6 and 8 as well as at Trans 2 in comparison with other stations
may suggest an increase of heterotrophic production at these stations. Amino acids, such as
leucine, are essential for heterotrophic bacteria, and these organisms are generally believed to be
responsible for the main leucine uptake (Kirchman et al., 2000). However, phytoplankton have
also been shown to be able to incorporate small organic compounds (Palenik and Morel, 1990,
1991; Kirchman et al., 2000). The incorporation of amino acids by autofluorescent picoplankton
and larger phytoplankton were shown to be light stimulated, while dark utilization of amino
acids was dominated by nonfluorescent bacterial populations (Paerl et al., 1991; Church et al.,
2004; Michelou et al., 2007). Our results showed that leucine incorporation was light-stimulated,
i.e. at station 3, 4 and 6 leucine uptake was higher in light (27-32%), which agrees well with
the findings of Michelou et al. (2007) for the North Atlantic. At the depth of the chlorophyll
maximum there was no substantial higher 15N-leucine assimilation, indicating that most if not
all of the uptake was performed by the heterotrophic community.
The enhanced DIC-uptake in the 15NH+

4 and 15N-leucine addition experiments indicated a N-
limitation in the centre of the gyre. On the other hand, along the southern transect the DIC
uptake rates in both leucine and ammonium incubations were similar to or even lower than
in the N2-fixation, therefor these waters seemed not to be N-limited. These combined results
showed that the central South Pacific Gyre is an ideal environment for N2-fixation.

Nitrogen fixation in the South Pacific Gyre

Substantial dark and light N2-fixation rates were measured at all but one station (station 11;
Fig. 3). The vertical distributions of nitrogen fixation rates varied from station to station,
possibly related to different ventilation and circulation pattern that brought nutrients into these
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Table 4.1: Overview on the sampling stations, depths time of sampling for molecular analyses as well as
the number of expressed nifH sequences and their tentative groupings obtained in this study.

Cluster I Cluster
Number of Time of Cyano- Gammaproteobacteria III

Station Depth sequences CTD cast bacteria γ-Proteo 1 γ-Proteo 2 γ-Proteo 3
6 0 m 38 morning 33 6
6 150 m 3 morning 2 1
7 0 m 40 evening 23 17
8 0 m 10 noon 5 5
9 0 m 3 evening 3
9 40 m 1 evening 1
9 100 m 1 evening 1

oligotrophic water. Considering both light (12 h) and dark fixation (12 h) rates from our mea-
surements, average daily N2-fixation rates at the surface of these stations would be 1.19 nM
d−1. These estimates were slightly lower than the rates measured by Raimbault and Garcia
(2008) in the eastern South Pacific Gyre. There, the highest N2-fixation rates were detected in
the upper 50 m of the water column, with maximum rates of 1.8 nmol N l−1 d−1, and rapidly
decreasing with depth (Raimbault and Garcia, 2008). In contrast, nitrogen fixation rates were
similar throughout the surface mixed layer in the centre of the gyre during December 2006/
January 2007 (Fig. 3), which can be attributed to the fact that we did not perform the incu-
bation experiments under near in situ light conditions. Intriguingly, at most stations, similar
15N2-fixation rates were obtained in light and in dark. This is difficult to explain if we assume
that autotrophic N2-fixing cyanobacteria dominate the diazotrophic community because they
either show highest activity in the light (e.g. Trichodesmium) or in the dark (Croccosphaeara)
(Zehr et al., 2007; Bergman et al., 1997). The fact that N2-fixation rates in dark and light were
nearly identical could indicate that heterotrophic bacteria were the dominant N2-fixers.

Diazotrophic communities in the South Pacific Gyre

The expression of the nitrogenase gene (nifH ), the functional gene biomarker for nitrogen fix-
ation, supported the active nitrogen fixation by heterotrophic bacteria, i.e. photoheterotrophic
cyanobacteria (Group A) and heterotrophic γ-proteobacteria (Fig. 5). The lack of detectable
nifH cDNA sequences related to cyanobacteria such as Trichodesmium or Crocosphaera, is un-
usual. The peaks of nitrogen fixation activity obtained by nifH expression was found either at
day, like Trichodesmium (Zehr et al., 2007), or during night, like Croccosphaera or Cyanothece
(Bergman et al., 1997). Since most cDNA samples in the centre of the gyre were obtained during
the day it can not be excluded that Croccosphaera or Cyanothece were overlooked at some of the
stations (Stations 6 and 7). Moreover, in tropical and suptropical oceans like the North Pacific
Gyre Trichodesmium spp. and other N2-fixing cyanobacteria occur in episodic blooms only and,
therefore, we cannot dismiss the presence of Trichodesmium and other cyanobacteria at other
times of the year in the South Pacific Gyre.
The phylogenetic analyses of the expressed nifH genes at four stations revealed a diazotrophic

86



4.5 Discussion

Figure 4.5: nifH -based phylogenetic reconstruction showing the amino acids affiliation of translated
cDNA sequences. Clusters I, III and IV have been defined by Zehr and colleagues (2003).
Branching orders that were not supported by all phylogenetic methods used are shown as
multifurcations. The scale bar represents 10% estimated sequence divergence. Colored boxes
indicate subgroups of gammaproteobacterias.
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community likely dominated by a diverse cluster of γ-proteobacteria. The presence of γ-
proteobacterial diazotrophs in oligotrophic oceans has been reported by other studies (Foster
et al., 2009; Church et al., 2005a; Zehr et al., 2007). However, in these studies cyanobacteria
usually dominant, while γ-proteobacteria were in minor abundance. A community dominated
by highly diverse γ-proteobacteria without any cyanobacterial nifH cDNA has not been de-
scribed yet to the best of our knowledge. Also along the southern transect, no cyanobacterial
nifH mRNA was obtained, no matter whether sampling happened during the day or night, or
in waters with high chlorophyll concentration, and measurable N2-fixation rates.
The γ-proteobacteria were often found in the bacterioplankton in the photic zone, and they were
linked to the excretion of organic carbon from phototrophs (Moisander et al., 2008; Zehr et al.,
2007). The obtained γ-proteobacteria sequences could be devided into three subgroups. Sub-
group 1 and 2 contained both sequences from station 6 and 8, γ-Proteo 2 also included sequences
from station 9. Hence, γ-proteobacterial diazotrophs seemed to be ubiquitous throughout the
subtropical gyre and actively contribute to the total N2-fixation in this ultra-oligotrophic ocean
region. It is likely that such bacteria were also responsible for nitrogen fixation rates at depth,
where no chlorophyll was measurable. The subgroup γ-Proteo 2 in particular, had nifH expres-
sion detected by sampling during day and night (Table 4.2).
In contrast, γ-Proteo 3 consisted of sequences mainly obtained from the surface waters of station
7 and from 150 m at station 6, which were similar to sequences obtained in the North Pacific
Gyre (≤ 99% similarity). In addition, it was at station 7 where the only active expression of
cyanobacteria, related to UCYN-A (Group A) was found (Fig. 5). Zehr et al. (2008) showed,
that the entire photosystem II apparatus is missing, and therefore that UCYN-A is not able to
photosynthesize. This phylogenetic group was previously described in the eastern South Pacific
Gyre (Bonnet et al., 2008), in the oligotrophic North Pacific Gyre (e.g. Church et al., 2005 a,b;
Zehr et al., 2008), but also in the Atlantic (Langlois et al., 2005, 2008), and the Red Sea (Foster
et al., 2009). These small unicellular cyanobacteria have been shown to express nifH mainly
during the day (Church et al., 2005a; Zehr et al., 2008).
The sampling at station 7 took place ∼1 hour before sunset, while station 6 was sampled in
the morning. Another possible explanation for the differences of the phylogeny of nifH gene
sequences between the stations 6 and 7 may refers to the variation in density anomalies (σθ).
Fluctuations were revealed in the pycnocline or surface within the northern transect. At sta-
tion 6, σθ showed a sudden increase below 150 m, indicated a possible upwelling caused by an
anticyclonic eddy. A study by Qiu and Chen (2003) showed, that eddies are not unlikely in
this area. The higher microbial abundance and chlorophyll a concentration in the chlorophyll
maximum indicated a higher productivity, probably caused by injection of nitrate from below
the pycnocline into the surface waters. Observations from the North Pacific Gyre (Falkowski et
al., 1991; Fong et al., 2008) and the Sargasso Sea (McGillicuddy et al., 1998; Sweeney et al.,
2003) indeed indicated increases in nutrients and primary production in upwelling eddies. This
increased nutrient concentration in the water might also explain the differences in the commu-
nity of nitrogen fixing bacteria. The γ-Proteo groups 1 and 2, consisting not only of sequences
from station 6, but also from the more productive stations 8 and 9, may not be adapted to
the ultra-oligotrophic conditions in the centre. In contrast, the organisms obtained at station
7 cluster together with sequences from other oligotrophic parts of the ocean, like North Pacific
Gyre (Zehr et al., 2001; Church et al., 2005a), and may be more confined to the oligotrophic
surface water in the centre of the gyre.
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Table 4.2: Integrated rates of nitrogen fixation and corresponding C-uptake for the euphotic zone (0 m
to Chlorophyll maximum), and the C:N values of uptakes rates for stations with more than
one incubation depth.

Integrated rates
Station N2 fixation C-uptake C:N

[µmol m−2 d−1] [µmol m−2 d−1]

1 12.4 645.1 52
2 38.0 2186.2 57.5
3 111.3 2069.0 18.6
4 36.0 395.2 19.9
5 129.0 2191.5 16.9
6 57.6 2080.9 36.1
7 190.9 2787.4 14.7
8 160.3 6597.7 41.2
9 139.6 8720.4 62.5
10 103.0 11059.9 107.3

A unique N2-fixing heterotrophic community

At the moment we can only speculate about the reasons for the apparent dominance of het-
erotrophic and/or photoheterotrophic bacteria fixing nitrogen in the South Pacific Gyre. In the
centre of the gyre Raimbault et al. (2008) measured high concentration of dissolved organic
carbon (DOC) (>100 µmol l−1) in the photic zone and postulated an overproduction of DOC
by nutrient limited algae. In oligotrophic areas phytoplankton produce more DOC than they
can use due to limitation of mineral nutrients (Biersmith and Benner, 1998). Consequently the
autotrophs excrete fixed carbon, which results in a high concentration of DOC in the gyre wa-
ters. For the North Atlantic Gyre, it has been shown, that after addition of nutrients, the DOC
is degraded in a very short time (Zweifel et al., 1993). This indicates that heterotrophic activity
is nutrient limited as well. Diazotrophic heterotrophs or photoheterotrophs are not limited in
N, and therefore they can utilize the abundant DOC and use it as a source of C as long as they
are not limited in anything else. This could explain the abundance of a diverse community of
N2-fixing heterotrophic and photoheterotrophic bacteria.
Phytoplankton in the South Pacific Gyre might indirectly profit from fixed nitrogen excreted by
these N2-fixing heterotrophs and/or nitrogen released upon their cell lysis. Alternatively, some
algae might directly feed upon these heterotrophic diazotrophs to obtain limiting nutrients, such
as nitrogen. Recently, high bacterivory by the smallest algae was shown for the North Atlantic
Ocean (Zubkov et al., 2008). Independent of the mode of nitrogen uptake, both heterotrophic
diazotrophs and algae inhabiting the South Pacific Gyre appear to profit from the overproduc-
tion of DOC. The resulting interaction between phytoplankton and heterotrophic diazotrophs
represents a unique microbial ecosystem, which is very different from other gyre systems, where
autotrophic cyanobacteria are generally assumed to be the main N2-fixers.
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The importance of the South Pacific Gyre

The nitrogen fixation rates in the centre of the gyre (up to 0.19 nM h−1) and at the southern
edge (0.01-0.035 nM h−1) were comparable to nitrogen fixation rates obtained by Montoya et al.
(2004) in the North Pacific Gyre (0.01-0.15 nM N h−1). In the same region of the North Pacific,
Fong et al. (2008) determined higher nitrogen fixation rate of 8.6±5 nM N d−1 ( 0.36 nM N h−1)
from a Trichodesmium bloom located in an anticylonic downwelling eddy. In the tropical Atlantic
maximum rates of 3.1 nM N h−1 at surface and 2.2 nM N h−1 at 50 m were obtained (Voss et al.,
2004), while in the Red Sea (Gulf of Aqaba) low rates of 1-1.9 nM N d−1 were measured (Foster
et al., 2009). In summary, our rate measurements in the South Pacific Gyre were even lower than
in other oligotrophic water. The limitation of the diazotrophic bacteria is not yet clear. The
higher N2-fixation rates in the southern edge and the similar stimulation of primary production
after addition of organic and inorganic N makes PO3−

4 -limitation unlikely. Since N2-fixers have
higher requirements in iron than non-diazotrophic primary producers and due to the extremely
low dissolved iron concentration (Blain et al., 2008) and very low atmospheric deposition of dust
in the South Pacific Gyre (Wagener et al., 2008), iron could be the possible limiting factor for
nitrogen fixation. Considering the distance to any continent that could provide additional input
of micronutrients like Fe by dust, this is not surprising. Although the absolute N2 fixation rates
are not very high, the South Pacific Gyre is a very important area for nitrogen fixation due to
the homogeneous depth distribution down to 200 m and the size of the area.
Nitrogen fixation rates were integrated to the depth of chlorophyll maximum, between 150 and
200 m in the centre and 100 m at the southern transect and estimating 12 hours for both day
and night (light and dark incubations). In general, the depth integrated rates were lower for
the centre of the gyre (12 - 190 µmol N m−2 d−1, mean 93.8 ± 61.3 µmol N m−2 d−1) than
for the southern transect (103 - 160 µmol m−2 d−1, mean 134.3 ± 29 µmol N m−2 d−1; Table
4.2). Integrated rates in the centre of the gyre reported by Moutin et al. (2007) (48 - 135 µmol
N m−2 d−1) were comparable to ours, while the rates by Raimbault and Garcia (2008) (30-60
µmol m−2 d−1), as well as the modelled rate for the south Pacific by Deutsch et al. (2007) (55
µmol N m−2 d−1) were in the mean lower. For the North Pacific Gyre, Zehr et al. (2001) gave a
similar integrated rate of 92 µmol m−2 d−1, while in the same region of the North Pacific Gyre
Montoya et al. (2004) found a lower mean of 66±19 µmol m−2 d−1.
In the centre of the South Pacific Gyre nitrogen fixation was the main N-source. At the surface
nitrogen fixation accounted for only a minor amount of the total N-uptake (3.2%-39%), the
contribution increasing with depth to ∼100% at the chlorophyll maximum (Table 4.1). The
estimated contribution of total N to the South Pacific Gyre is 15 Tg a−1, which is 7.5-15% of the
global input of new nitrogen into the Ocean (100-200 Tg N a−1; Gruber and Sarmiento, 1997;
Karl et al., 2002).
Some authors even suggested that the subtropical ocean gyres expand (Polovina et al., 2008).
Further research is needed to understand the importance of cycling processes and ecological
interrelations in this system. This unique and hitherto unknown linkage of heterotrophic N2-
fixation and overproduction of DOC by algae need definitively further investigation.

Conclusion and implications

Our combined results show that the South Pacific Gyre is an ultraoligotrophic ecosystem with
N-limitation in the centre. Nitrogen fixation rates occurred throughout the surface layer and
between the surface and chlorophyll maximum at all sampled stations along the zonal central
axis of the gyre and at the southern edge of the gyre. Nitrogen fixation could fuel up to
100% of primary production in the centre of the gyre. The diazotrophic community actively
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expressing nifH -genes was dominated by a diverse γ-proteobacteria cluster, which might indicate
a prominent role for heterotrophic diazotrophs in the overall N2-fixation in the South Pacific
Gyre. We hypothesise that there is a close link between heterotrophic and/or photoheterotrophic
nitrogen fixation and the release of DOM by phytoplankton. This type of unique interaction
of N2-fixing heterotrophs and algae might have been more common in ancient oceans when
open ocean areas like the Pacific and the cohering gyres were bigger than nowadays (Scortese
and Golonka, 1992). The predicted increase in atmospheric deposition of N could shift the
South Pacific Gyre to higher primary production, and at the same time cause a decrease in
overproduction of DOC by N-limited algae. This could shift the N2-fixing community towards a
more classic autotrophic N2-fixing community like Trichodesmium in the North Pacific. Human
induced atmospheric N-deposition has already affected other gyre systems like the Atlantic (Duce
et al., 2008), which might also have been characterized by N2-fixing heterotrophs in the not so
far past.
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