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Abstract

Future rising temperatures due to global warming are expected to influence marine life on all
trophic levels. The assumed effect on microbial organisms is of particular interest because of
their relevance for the marine carbon cycle. Especially the functional coupling between phyto-
and bacterioplankton plays a major role in the fate of carbon in the world oceans. The
importance of this link for the marine carbon cycle becomes even clearer when considering
that an enhanced increase in temperatures is predicted for the early months of the year when

fixation of atmospheric CO is intensified by occurring phytoplankton spring blooms.

Within the DFG funded priority project AQUASHIFT, the work of the Kiel mesocosm
cluster aimed at shedding light on the impact of rising water temperatures on the planktonic
food web. Proceeding on the assumption that their different Q;o-factors will involve different
effects of increasing temperatures on autotrophic and heterotrophic organisms, the functional
mechanisms within the planktonic community in terms of match-mismatch und coupling-
decoupling were analysed. Within this scope, the present study investigated possible
temperature-related impacts on the bacterial community structure in particular, always against
the backdrop of the above mentioned functional coupling between autotrophic marine algae

and heterotrophic bacteria.

During indoor mesocosm experiments designed to simulate algal spring blooms over a
temperature gradient, the bacterial community was sampled daily to analyse quantitative as
well as qualitative bacterial dynamics. Furthermore, samples were analysed to monitor top-
down controlling factors like viruses and heterotrophic nanoflagellates as well as possible
bottom-up effects from organic and inorganic nutrients. Also, data to observe the
development of highly active bacteria were obtained. The not-attached as well as the particle-
attached fraction of bacterial assemblage were analysed on a molecular level using the genetic
fingerprint method DGGE (denaturing gradient gel electrophoresis), followed by sequencing
and identification of dominant excised bands. For the assessment of the group specific
structure of the bacterial community, the highly sensitive CARD-FISH method was used. For
all conducted experiments, data on physicochemical parameters like temperature, salinity,
chlorophyll a and nutrient concentrations, were provided by members of fellow projects on

AQUASHIFT.



The major results of this thesis can be summed up as follows:

e The experimental set up allowed a successful simulation of the development of a
planktonic community during an algal spring bloom along a temperature gradient.
The phytoplankton spring bloom itself could be effectively initiated, along with the
expected successions within the planktonic communities as well. Though it is
certainly not possible to directly transfer the results obtained within the Kiel
mesocosm cluster to in-situ conditions, we therefore assume that the analyses that
have been carried out allow a basic description of the mechanisms defining the
functional relationships in terms of coupling-decoupling between the present
planktonic communities.

e Among the bacterial community, highly active cells exhibited clearly different
quantitative developments at different ambient temperatures, the dynamics indicating
distinct grazing pressure at high temperatures which markedly decreased in cold
mesocosms. Since it was not possible to link this effect to according grazer counts
and therefore a possibly mediated temperature affect, it remains unclear whether
temperature exerted a direct or rather indirect influence on the highly active bacterial
community.

e The community structure of the present bacterial assemblage seemed to be directly
affected by increasing ambient temperatures. Both the DGGE fingerprints as well as
the quantitative CARD-FISH analysis showed temperature-related changes within the
structure of the bacterial assemblage which, though detectable in both the not-
attached and the particle-attached fraction, were more prominent in the latter.

e Different nutrient conditions seemed to have an impact on the temperature effect on
the bacterial community structure. At high N-concentrations, the effect temperature
exerted on the bacterial community composition apparently was intensified, though
the particle-attached fraction still clearly was more affected. Nutrient conditions in the
oceans should therefore be considered for a realistic assessment of the effect of rising

water temperatures on the bacterial community composition.



Kurzzusammenfassung

Der kiinftige Anstieg der Umgebungstemperaturen aufgrund der globalen Erwdrmung wird
das Leben in den Meeren voraussichtlich auf allen trophischen Ebenen beeinflussen. Wegen
threr entscheidenden Rolle innerhalb des marinen Kohlenstoftkreislaufs ist der vermutete
Effekt erhohter Wassertemperaturen auf mikrobielle Organismen hierbei von besonderem
Interesse. Vor allem die funktionelle Kopplung zwischen marinem Phyto- und
Bakterioplankton ist von besonderer Relevanz fiir den Verbleib von Kohlenstoff in den
Ozeanen. Wird in Betracht gezogen, dass die vorhergesagte Erwdrmung insbesondere die
ersten Monate des Jahres und damit die Phase erhohter Fixierung von atmosphédrischem CO,
wihrend der Algenfriihjahrsbliiten betreffen soll, wird die Bedeutung der engen Verbindung

zwischen Algen und Bakterien umso deutlicher.

Die Arbeit des Kieler Mesokosmos-Clusters innerhalb des von der DFG geforderten
Schwerpunktprogramms AQUASHIFT hatte daher zum Ziel, den Einfluss steigender
Wassertemperaturen auf die funktionellen Mechanismen hinter dem planktonischen
Nahrungsnetz zu kliaren. Vor dem Hintergrund der Annahme, dass steigende Temperaturen
aufgrund unterschiedlicher Q;o-Werte unterschiedliche Auswirkungen auf heterotrophe und
autotrophe Organismen haben, wurden die funktionellen Mechanismen innerhalb der
Planktongemeinschaft hinsichtlich der Frage nach match-mismatch und Kopplung-
Entkopplung untersucht. Im Rahmen dieser Zielsetzung wurde die vorliegende Arbeit
durchgefiihrt, deren Schwerpunkt auf der oben genannten Kopplung zwischen marinem
Phyto- und Bakterioplankton und dabei hauptsidchlich auf der Untersuchung moglicher

temperaturbedingter Verschiebungen in der bakteriellen Gemeinschaftsstruktur lag.

Mesokosmosexperimente, die in Klimakammern durchgefiihrt wurden, dienten zur
Simulation von Algenfrithjahrsbliiten unter dem Einfluss eines Temperaturgradienten. Um die
quantitative wie auch die qualitative Entwicklung des vorhandenen Bakterioplanktons zu
untersuchen, wurde die bakterielle Gemeinschaft wéhrend dieser experimentellen Algenbliiten
taglich beprobt und anschliefend mit molekularbiologischen Methoden analysiert. Weiterhin
wurde die Dynamik von zwei top-down Kontrollfaktoren des Bakterioplankton (virus-
dhnliche Partikel und Nanoflagellaten) untersucht, ebenso wie organische und anorganische
Néhrstoffe als mogliche bottom-up Faktoren. Weiterhin fand eine quantitative Erhebung der

hochaktiven Bakterien statt. Zur molekularbiologischen Untersuchung der nicht-angehefteten
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wie auch der Partikel-angehefteten Bakterienfraktion kam die genetische fingerprint Methode
DGGE (denaturating gradient gel electrophoresis) zum Einsatz. Hierbei ausgeschnittene
dominante Banden wurden sequenziert und identifiziert. Die gruppenspezifische Analyse der
Bakteriengemeinschaft wurde mithilfe der hochsensiblen CARD-FISH Methode
durchgefiihrt. Fur die Analyse aller durchgefiihrten Experimente wurden Daten zu
physikalisch-chemischen Parametern wie Temperatur, Salinitdt, Chlorophyll a und
Nahrstoffkonzentrationen von Mitgliedern aus Partnerprojekten innerhalb von AQUASHIFT
zur Verfligung gestellt.

Die wesentlichen Resultate dieser Arbeit konnen folgendermallen zusammengefasst werden.

e Das Design der durchgefiihrten Experimente ermdglichte eine erfolgreiche Simulation
der Entwicklung der Planktongemeinschaft wihrend einer Algenfriihjahrsbliite entlang
eines Temperaturgradienten. Der Einsatz der Algenbliite selbst konnte in allen Fillen
erfolgreich stimuliert werden, ebenso die erwarteten Sukzessionen innerhalb der
Planktongemeinschaft. Ein direkter Ubertrag der hier vorgelegten Ergebnisse auf
natiirliche Bedingungen ist sicherlich nicht moglich; die Analysen erméglichen aber
eine grundlegende Beschreibung der Mechanismen der funktionellen Verbindung
innerhalb der Planktongemeinschaft hinsichtlich Kopplung-Entkopplung.

e Innerhalb der Bakteriengemeinschaft zeigten hochaktive Zellen deutlich
unterschiedliche quantitative Entwicklungen bei unterschiedlichen Temperaturen. Die
Verldufe der entsprechenden Zellzahlen deuteten auf hoheren Frafldruck durch
heterotrophe Nanoflagellaten hin, der mit abnehmenden Temperaturen klar
nachzulassen schien. Da dieser Effekt nicht mit entsprechenden quantitativen
Entwicklungen der Nanoflagellaten und damit einem moglichen vermittelten
Temperatureffekt in Verbindung gebracht werden konnte, konnte nicht geklart
werden, ob die hochaktive bakterielle Gemeinschaft durch steigende Temperaturen
beeinflusst wurde — und wenn ja, ob es sich um einen direkten oder indirekten Effekt
handelte.

e Die Zusammensetzung der untersuchten bakteriellen Gemeinschaften schien direkt
durch steigende Temperaturen beeinflusst zu sein. Auf phylogenetischer wie auch auf
gruppenspezifischer Ebene wurden durch DGGE fingerprints und die quantitative
CARD-FISH Analyse Verdanderungen in der Struktur der Bakteriengemeinschaft

nachgewiesen, die moglicherweise mit der Temperatur in Verbindung standen.



Obwohl diese Verschiebungen in beiden Fraktionen auftraten, waren sie deutlich

klarer in der Partikel-angehefteten Fraktion zu erkennen.

e Mit unterschiedlichen Néhrstoffkonzentrationen schien sich auch der Temperatureffekt
auf die bakterielle Gemeinschaftsstruktur zu d&ndern. Auch der Einfluss der
Temperatur auf die Gemeinschaftszusammensetzung schien bei hohen N-
Konzentrationen intensiver zu werden, hatte aber nach wie vor groflere Auswirkung
auf die Partikel-assoziierte Fraktion. Zu einer realistischen Abschétzung der
Auswirkungen steigender Wassertemperaturen auf die Zusammensetzung der marinen
Bakteriengemeinschaften sollten daher die herrschenden Néhrstoffsituationen in den

Ozeanen nicht auler Acht gelassen werden.
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Introduction

Within the scope of the general global warming that has been predicted for the recent century
by the IPCC (Houghton et al. 2001) due to continually released greenhouse gases, the
temperatures of the Baltic Sea are expected to increase even more than the global mean
(BALTEX report 2006). Already during the past century, the mean temperature increase in
the Baltic region exceeded that of the global mean by 0.2 °C. Though this development could
not be reliably ascribed to human influence and was yet within the range of natural variability,
the described increase in temperature is in line with the climate predictions made by climate

models working with increasing levels of atmospheric greenhouse gases.

The increased warming in the Baltic region compared to that taking place globally is
strongest and most even in spring, with the winter effect still being stronger than that in
summer and autumn (Climate Change in the Baltic Sea Area — HELCOM thematic
assessment in 2007). As a consequence, climatic spring season starts earlier and the number
of cold nights diminishes whereas that of warm days increases. The main reason for the Baltic
being among those areas more affected by the globally increasing temperatures might be its
exposition to certain atmospheric circulations: The overall winter surface climate in northern
Europe has been strongly influenced by an intensifying westerly airflow during wintertime in
the 1990s, which, for example, resulted in higher winter temperatures as well as precipitation
and wind speed (Climate Change in the Baltic Sea Area — HELCOM thematic assessment
2007).

These atmospheric givens notwithstanding, it is still the increasing concentrations of
greenhouse gases, which are predicted to result in a substantive increase of temperatures and
the respective climate change within this century. The expected rise in temperatures ranges
between 1.4 and 5.8°C (Cubasch et al. 2001), factoring in different scenarios of CO,
emissions and discrepancies between several climate models. The trend of an intensified
warming of the Baltic region during the past century, however, constantly remains in further
predictions of the future climate by models. Regional climate models based on a GCM (global
climate model) predict rising near surface air temperatures over the Baltic Sea. Compared
with summer scenarios, winter temperatures show a stronger increase in northern and eastern
regions of the Baltic Sea in these simulations (Climate Change in the Baltic Sea Area -
HELCOM thematic assessment 2007). The IPCC report of 2001 predicted an increase in
annual mean surface temperature of 3 to 5°C for the “business as usual scenario” (doubling of
CO; - emissions during the 21* century) for the Baltic Sea region. Compared with the
reference period from 1960-1990, the “business as usual scenario” prognosticates winter

temperatures for the years 2070-2100 that might even increase by 5-10°C.
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Introduction

This change in ambient and therefore also in water temperatures is assumed to affect
biota in the Baltic Sea, especially during the winter and early spring months, which is the
major vegetation period of the year. Not only are the predicted changes thought to affect
macro fauna like water birds and their mortality and migration behavior, or the production and
survival rates of fish like sprat and herring (Climate Change in the Baltic Sea Area -
HELCOM thematic assessment 2007). Temperature shifts are also expected to have an impact
on smaller organisms, such as wintertime survival of overwintering zooplankton species
(HELCOM thematic assessment 2007). Furthermore, phytoplankton as the major primary
producers of organic matter in the Baltic Sea are assumed to be affected as well. As a result,
algal bloom composition might change with warmer winters until the diatoms usually
dominating the phytoplankton spring blooms might be replaced by dinoflagellates (HELCOM
thematic assessment 2007). But also smaller organisms directly consuming algal derived
organic matter might be affected by increasing winter/spring water temperatures.
Heterotrophic bacteria attached to particles and aggregates as well as those living freely
suspended in the water column might be stimulated in their activity, which is assumed to lead
to a mismatch between phytoplankton production on the one and bacterial consumption of

algal-derived organic matter on the other hand.

Marine algae and bacteria — let’s stick together

In the photic zone of the world’s oceans, primary production by phytoplankton rivals that of
terrestrial primary production, with an estimated global net primary production of 45-50 Gt
per year (Longhurst et al. 1995). A rather small amount of this marine carbon is exported to
the oceans’ depths in form of particles and aggregates; about 95% of the marine organic
matter is available as dissolved organic carbon (DOC), which is assumed to be mainly
decomposed by heterotrophic bacteria (Fenchel & Blackburn 1979, Wetzel 1982). As the
essential members of the ‘microbial loop’ (Azam et al. 1983), these bacteria convert DOC
into particulate organic matter, a process by which, at the same time, inorganic nutrients are
released. Both these minerals as well as organic carbon in its particulate form serve as fuel for
the marine food web on higher trophic levels. With about 50% of the marine primary
production being channeled through the microbial loop (Hagstrom et al. 1988), the relevance
of heterotrophic bacterial secondary production for the marine carbon as well as the

biogeochemical cycle of inorganic nutrients becomes explicit.

13



Introduction

During the past decades, several studies suggested that bacterial production is strongly
linked to chlorophyll a as well as primary production (Simon and Tilzer 1987, Cole et al.
1988, Kirchman et al. 1995). Dissolved organic matter released by phytoplankton in form of
exudates during algal growth and phytoplankton decomposition apparently sustains secondary
production by the bacterial community living freely suspended in the water column (Reimann
etal. 1982, Larsson and Hagstrom 1982, Sell and Overbeck 1992). Furthermore, also the
particulate fraction of the marine organic matter in form of aggregates and organic particles is
utilized by the bacterial assemblage capable of attaching itself to the surfaces of said particles,
which mainly form during and after their degradation phase of phytoplankton blooms
(Kirchman 1983). Apart from this obvious close coupling between algal primary production
on the one and not-attached as well as particle-attached bacterial activity on the other hand,
bacterial biomass itself responds to other limiting or regulating factors. Inorganic nutrient
concentrations (Horrigan et al. 1988, Heinénen and Kuparinen 1992), grazing pressure by
heterotrophic protists (Wright and Coffin 1984, Weinbauer and Hofle 1998) as well as cell
lysis caused by viral infection (Weinbauer and Hofle 1998) strongly influence bacterial
standing stock in the oceans, even though their extents vary depending on the trophic
character of the respective system. In areas with high productivity such as coastal regions with
strong up-welling events or systems, bacterial biomass is assumed to be limited by top-down
effects like grazing and viral lysis. In systems with low productivity, though, for example in
the cold oceans of the Arctic and Antarctic, the main limiting factors for numerical bacterial
development apparently are dissolved organic carbon along with mineral resources (Church et
al. 2000). Yet there is also indication that there is a combined effect of several factors on
bacterial development, including temperature, organic and inorganic nutrients (Wiebe et al.

1993, Pomeroy et al. 1993, Church et al. 2000).

Phytoplankton is the main source of dissolved organic material (DOM). DOM ‘leaks’
into the surrounding water during the algal bloom itself (Bjernsen, 1988), but also the
degradation phase of a phytoplankton bloom involves polymer hydrolysis by attached bacteria
and therefore the release of organic material (Chrést et al. 1989, Middelboe et al. 1995).
Particulate remnants of phytoplankton cells are degraded by heterotrophic bacteria and thus

channeled back into the pool of DOM.

Dissolved organic carbon (DOC), though not completely identified yet, mainly consists of
carbohydrates, fatty acids and amino acids, all of which are important food resources for
marine heterotrophic bacteria (Wheeler and Kirchmann 1986, Kirchman and Ducklow 1987,

Keil and Kirchman 1999). Most of these compounds cannot be immediately utilized by
14



Introduction

bacteria since they are polymeric and therefore too large. After having been hydrolyzed

exoenzymatically, polysaccharides, on the other hand, can be directly assimilated.

The other organic carbon pool exploited by heterotrophic bacteria consists of
particular organic matter (POM). Organic carbon is integrated in aggregates and particles in
varying proportions in the form of carbohydrates and amino acids, depending on the origin of
the particulate matter (Azam and Cho, 1987; Smith et al.1995; Biddanda & Benner 1997).
The concentration of heterotrophic bacteria attached to POM is much higher than in the
surrounding water (Simon et al. 2002), which is a clear indication for the bacterial utilization
of POM. The break-down of macromolecules by hydrolytic exoenzymes (Hoppe et al. 1988;
Madigan, 2003) results in the formation of DOC, which is utilized again by freely suspended
as well as particle-attached heterotrophic bacteria. This way of recycling organic nutrients
from senescent phytoplankton material, which can again be channeled to higher trophic levels

is called ‘the microbial loop’ (Azam et al. 1983).

Organic material provided by algal primary production is therefore the main source
of substances utilized by bacteria. DOC directly released during the bloom or its break down
1s immediately taken up by the not-attached community; POC is first degraded by particle-
attached bacteria to smaller molecules, which finally contribute to the DOC pool as well.
Bacteria are therefore highly dependent on algal primary production which is equivalent with
direct or indirect DOC supply. We refer to this close functional relationship between phyto-
and bacterioplankton as ‘coupling’, whose intensity depends on several factors. Moran and
colleagues (2002) found that different marine systems apparently select for algae-bacteria
couplings of different extent. This is not surprising, given the fact that the strength of the link
between phyto- and bacterioplankton depends on the relevance of autochthonous production
for a given system as well as the factors limiting bacterial activity. Aside from the above
mentioned ‘top-down’ factors, there are also the limitations working the other way around:
‘bottom-up’, among them geochemical limitation by inorganic nutrients such as nitrate,
phosphate or iron, but also physical factors like the one being a major subject of this thesis —

ambient water temperatures.

As it is to be expected for heterotrophic organisms, higher ambient temperatures apparently
result in increased bacterial activity (White et al.,1991; Shiah & Ducklow, 1994). Autotrophic
organisms like phytoplankton, however, are primarily light dependent with temperature only
playing a secondary role (Tilzer et al. 1986). The Q factors (describing the factorial increase

in any rate at an increase of 10°C in ambient temperature) of both bacteria and phytoplankton
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illustrate this notion: whereas algae primary production usually exhibits a Q, factor between

1 and 2 and a clear dependence from light conditions (Tilzer et al. 1986), the typical Q,, factor
of bacterioplankton activity which ranges between 2 and 3 (Pomeroy & Wiebe 2001) shows
that bacteria are more effectively determined by ambient temperatures than phytoplankton is.
This does not only imply that, given the right light conditions and translucence of the water
body, algal blooms can occur at very low temperatures without a corresponding bacterial
development. It also entails that, provided that temperatures allow parallel phyto- and
bacterioplankton growth in the first place, bacterial consumption of organic matter does not

match the respective algal DOC and POC production at low ambient temperature.

These considerations notwithstanding, it has been shown that high bacterial activity
can be found even in very cold environments. Not only were heterotrophic bacteria in sea ice
and polar seas apparently not inevitably limited at temperatures below freezing point
(Robinson & Williams, 1993; Rivkin et al. 1996), but their development also followed
phytoplankton dynamics (Yager et al. 2001). Evidently, low temperatures do not necessarily
have to result in a de-coupling of algal production and bacterial consumption. The above
mentioned studies might indicate that the bacterial demand for substrate, which is assumed to
constantly grow with increasing cold (Nedwell, 1999), is met by the algal production during
the arctic phytoplankton blooms. This pulse in organic substrate thus enables the bacteria to
overcome the initial temperature induced inhibition (Nedwell & Rutter 1994; Pomeroy &
Wiebe 2001). Another possible explanation, however, points to the composition of the

bacterial community.
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irradiation
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bacterial
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Fig.1: Temperature dependence as represented by Qo values of the interaction between phytoplankton

production and bacterial degradation

The phylogenetic structure of a given bacterial assemblage is subject to several impacts and
influences. The organic substrate utilized by bacteria selects for certain specific taxa,
depending on complexity and character of the present organic molecules (Cotrell & Kirchman
2000). The specific organic matrix of phytoplankton exudates has also been shown to be a
factor of reasonable influence on the bacterial community composition (Pinhassi et al. 2004,
Grossart et al. 2005). Furthermore, bacterial assemblages attached to particles are different
from those living freely suspended in the water column (Fandino et al. 2001, Simon et al.
2002, Grossart et al. 2005). Regarding the unexpected highly active bacterial communities
found in arctic waters and sea ice, it seems like temperature might be another factor regulating

the structure of a given bacterial community.

The results of several studies carried through in mesocosms as well as in-situ
conditions during the past years indicate that changes in bacterial community composition go
hand in hand with shifts in the metabolic properties of an observed bacterial assemblage
(Riemann et al. 2000, Fandino et al. 2001; Yager et al. 2001). Though these works focused on
variations occurring during the different stages of a proceeding algal bloom, they imply that a
shift in ambient conditions and therefore a change in demands for bacterial degradation

properties, select for a particular bacterial community capable of meeting those requirements.
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Aside from the above mentioned quantity and quality of organic carbon itself, there are
further environmental influences (“bottom-up” factors) potentially affecting bacterial
degradation, like inorganic nutrient concentrations. The availability of inorganic F and P as
well as organic N, for example, has been found to influence marine bacterial growth
(Kirchman 1990, Rivkin & Anderson 1997, Sala et al. 2002, Thingstad et al. 2005).
Furthermore, it has been shown that not only bacterial activity but also the community
structure of a bacterial assemblage can be affected by differing inorganic nutrient conditions

(Hutchins et al. 2001, Pinhassi & Berman 2003, Pinhassi et al. 2006).

Like inorganic nutrients, ambient temperature is assumed to affect both bacterial
degradation activity as well as community structure. It is easily conceivable that
phytoplankton blooms taking place at colder temperatures are likely to harbor bacteria with
lower activity optima than those occurring at warmer ambient conditions. Following this
notion, a shift in bacterial community composition from cold-adapted assemblages to those
with higher activity optima would be a logical consequence of rising water temperatures due
to global warming. Considering that such shifts within the bacterial community composition
might come along with changes of their respective degrading properties, it becomes clear that
increasing ambient temperatures especially during phytoplankton spring blooms might be of
relevance for the decomposition of the algal derived organic matter. Different dominating
bacterial phylotypes might also involve different bacterial enzymatic features (Martinez et al.
1996), which eventually could affect the microbial processing of organic matter and therefore
the marine carbon cycle as a whole. Hence, for being able to appraise the effect of global
warming on the bacterial role in the processing of marine organic matter, it is not enough to
learn about how rising ambient temperatures during phytoplankton blooms affect bacterial
activity, but it is necessary as well to improve the knowledge about the impact of increasingly

warm waters on the bacterial community composition.

Considering the fact that ambient water temperature as well as inorganic nutrient
concentrations both have an impact on bacterial activity as well as bacterial community
composition, it might be necessary to take both factors into account for a realistic assessment
of the impact of global warming on the functional coupling between phyto- and
bacterioplankton and therefore the marine carbon cycle. The evidence for seasonally varying
inorganic nutrient conditions as well as different sea areas revealing different primary limiting
inorganic nutrients (Sala et al. 2002, Pinhassi at al. 2006) is suggesting that the actual impact
of increasing water temperatures can only be appropriately described by taking the inorganic

nutrient conditions into account.
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Bacterial communities and their composition

Prior to the introduction of molecular biological methods to microbial ecology, culture-
dependent methods and microscopy were the sole options for the analysis of bacterial
community compositions. As it turned out, both kinds of methods exhibited certain
shortcomings: culture-dependent methods did not allow cultivating bacteria under natural
conditions; under artificial conditions some species are easier to grow than others, with some
bacteria not being cultivatable at all. This in combination with the severely restricted option to
morphologically identify bacteria under the microscope resulted in a long time
underestimation of the biological diversity of marine bacteria. The possibility of comparing
several genotypes, using the highly conservative 16S rRNA gene fragment, shed new light on
bacterial community composition and microbial ecology (Woese et al. 1987). The most
established molecular biological methods to analyse the structure of bacterial assemblages are
the restriction fragment length polymorphism (RFLP), rDNA intergenic spacer analysis
(RISA), Realtime PCR, denaturating gradient gel electrophoresis (DGGE, Muyzer et al. 1993)
and fluorescence in situ hybridization (FISH) as well as catalysed reporter deposition-FISH

(CARD-FISH), respectively.

The screening of marine bacteria with the above mentioned methods revealed
differences in their community structure with respect to their state of attachment (non-
attached or particle-attached) as well as habitat. In a variety of marine environments, particle
associated bacteria are dominated by the Cytophaga/Flavobacteria (CFB) cluster, together
with y-Proteobacteria. a-Proteobacteria, on the other hand, appear to only play a minor role
on marine snow particles (DeLong et al. 1993, Ploug et al. 1999, Bidle & Azam 2001). In
lakes, the community composition of bacteria on lake snow aggregates looks quite different.
The assemblages appear to be dominated by B-Proteobacteria, with a-Proteobacteria being
the second most abundant group (Weiss et al. 1996, Grossart & Simon 1998, Schweitzer et al.
2001), whereas y-Proteobacteria seem to be negligible, at least on particles in Lake

Constance (Brachvogel et al. 2001).

For Rivers and estuaries, there are indications for differences in the bacterial community
composition between the freshwater, brackish and marine section as well as between the
bacterial fractions themselves. The particle-attached (PA) community in the limnetic section
apparently is dominated by the CFB cluster (Simon et al. 2002, Selje & Simon 2003), whose
prevalence decreases with rising salinity (Selje & Simon 2003). The proportions of the three

19



Introduction

subclasses of PA-Proteobacteria also change along a salinity-gradient: B-Proteobacteria
show a dominance in freshwater environments which shifts towards a- and y-Proteobacteria
with increasing salinity (Glockner et al. 1999, Bockelmann et al. 2000, Briimmer et al. 2000,
Bouvier & del Giorgio 2002, Simon et al. 2002). Not-attached bacterial communities typically
are dominated by B-Proteobacteria in the freshwater section of estuaries, whereas a-
Proteobacteria take over towards marine environments with y-Proteobacteria and the CFB
group being of lower significance (Bouvier & del Giorgio 2002).

Taken together, the bacterial community composition in aquatic systems apparently
shifts with salinity. In estuaries and brackish conditions like in the Kiel Bight, this shift tends
to be a continuum from the freshwater towards the marine section, albeit distinct community
structures can form along the salinity gradient. Irrespective of salinity, however, the non-
attached and particle-attached aquatic bacterial fractions reveal obvious differences in

community composition.

The Kiel Fjord as a part of the Baltic Sea — résumé of a model system

Having formed as a result of the retreat of the last Scandinavian ice-sheet about 12000 years
ago, the Baltic Sea is a very young sea from a geological point of view (Kdoster 1996). Since
water exchange with the adjacent North Sea is restricted to punctual inflow events and

inflowing rivers represent the main water supply, the Baltic Sea is one of the world’s biggest

brackish water bodies (Rheinheimer 1996).

The fjords of the southern coast line of the Baltic Sea which developed when deep and
narrow basins molded by glacier tongues or meltwaters were flooded during the warming of
the climate, show a clear connection to the former glacial relief of this area (Lampe 1996).
Compared to other marine areas, however, the depth of these Fjords, among them the Kiel
Fjord from which the water for our mesocosm experiments was taken, is still moderate (Graf
et al. 1983). This fact was of great importance for the choice of the Kiel Fjord as a model
system for the Kiel mesocosm cluster within the priority program AQUASHIFT.

During early spring, the beginning of phytoplankton blooms which serve as the general
background for our experiments is triggered by increasing light intensity which enables and
stimulates algal primary production. Within deep marine or limnic areas, the murky
homogenous water body as a result of winter mixing often inhibits sufficient light penetration,

which leads to a delay of the start of the phytoplankton spring blooms. In these waters,
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thermal stratification is required to keep the otherwise vertically circulating algae as close to

the surface layer as possible for optimal exploitation of the improving spring light conditions.
The rather shallow brackish waters of the Kiel Fjord with a depth mostly less than

20 m (Babenerd and Gerlach 1987, Jochem 1989) present a quite different situation on several
levels than it is typical for deep water bodies. Following the common paradigm of the critical
mixing depth concept (Sverdrup 1953), thermal stratification is necessary for the formation of
algal spring blooms in deep lakes or open ocean waters: the upper mixed layer needs to be
shallower than a certain critical depth to provide light intensities favorable enough to trigger
phytoplankton blooms (Mann and Lazier 1996, Obata et al. 1996). It is assumed that as a
consequence to its shallow depth, thermal stratification is no necessary precondition for an
early algal spring bloom in the Kiel Bight (Sommer et al 2007). Due to the variety of
relatively shallow water bodies in North Germany like e.g. the Wadden Sea, the German
Bight (both part of the North Sea) and numerous lakes, the water body from the Kiel Fjord,
including its organisms as well as biogeochemical processes, can be regarded as a model
system for a large part of marine as well as limnic water bodies in the North of Germany.
Regarding the basic mechanisms of the interactions between phyto- and bacterioplankton,
however, observations made in the Kiel Fjord during an algal spring bloom may also be
considered representative for corresponding procedures during early phytoplankton blooms in

the surface layer of deeper water bodies.

The AQUASHIFT Kiel mesocosm cluster

To be able to assess the general influence of increasing ambient temperatures on the bacterial
community composition, this work was conducted within the Kiel mesocosm cluster of the

DFG priority project AQUASHIFT.

For the investigation of community dynamics and ecological processes (the “part and
the whole”, Odum 1984) at the same time, controlled experimental ecosystems have long
been employed in aquatic ecology (Grice and Reeve 1982, Beyers and Odum 1993, Riemann
et al. 2000, Fandino et al. 2005, Tanaka et al. 2008). Still, the use of mesocosms entails
certain deficiencies which only allow a restricted transfer from the experimental system to in-
situ conditions: for one thing the reduced size makes it difficult to cultivate organisms from
higher trophic levels. Furthermore, the walls of mesocosms provide an artificial surface for

biotic growth, for example benthic phyto- and bacterioplankton species (Chen et al. 1997).
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Despite these difficulties, enclosed mesocosms allow the complete control of environmental

parameters, for example of ambient temperature, as it was necessary in AQUASHIFT.

A total of eight indoor mesocosms was set up at four differently tempered climatic
chambers of the [fM Geomar in Kiel (Germany), so each chamber hosted two parallel tanks at
one defined ambient temperature. Light was supplied from above, the sophisticated regulation
options allowing intensity and progression similar to in-situ conditions, but also more flexible
settings if necessary. The tanks held a volume of approximately 1200 L and were
manufactured of opaque polyethylene to reduce lateral irradiation and therefore minimize wall
growth. With one propeller in each mesocosm, gentle and constant mixing of the water

column was achieved in order to counteract sedimentation.

Four different temperature settings allowed the simulation of a temperature gradient.
Based on the so called ‘zero-treatment’, which served as baseline and was calculated from in-
situ average values over ten years in the sample area, the other three climatic chambers were
set at ‘zero-treatment’ (A 0°C), +2 (A +2°C), +4 (A+4°C) and +6°C (A +6°C). Over the
course of the experiment, temperatures were raised according to previous average calculations

from in-situ temperatures.

The mesocosms were filled with unfiltered water from the Kiel Bight, including the
overwintering plankton communities, which was first sampled in a collective tank and from
there distributed evenly over eight hoses to provide similar water bodies in all mesocosms.
Daily water samples were replaced with additional water from the Kiel Bight. The tanks were
further stocked with zooplankton sampled in the Baltic to ensure in-sifu concentrations, since

the mortality among this community was high due to the filling process through hoses.

For appraising the possible combined effect of rising temperatures as well as inorganic
nutrient concentrations, a different experimental set-up was used. Sticking to the initial
AQUASHIFT principle of the artificial temperature gradient, a bottle experiment (bottle
experiment summer 2007) was used to examine the algal-bacterial-coupling under different
temperature and nutrient regimes. In indoor climate chambers, three temperature treatments
were set up at +4°C, +8°C and +12°C. Water from 10 m depth at Bokins Eck (close to the
mouth of the Kiel Fjord) was allowed to age in the dark for several weeks and afterwards
filtered over 0.45 um before it was filled into 25 L transparent nalgene bottles. At each
temperature treatment, three bottles were set to the two different nutrient ratios N:P =5 and

N:P = 30. As inoculum, the remaining bacterial community as well as a pure axenic culture of
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Skeletonema costatum was used and exposed to a light regime of 12:12 hours day-night-cycle.

Water removed for sampling was not replaced.

Using these experimental set-ups, the formation of algal spring blooms was monitored

at different ambient temperatures over the duration of several months. Table 1 shows the

different settings of the experiments which have been sampled during the first period of the

priority program AQUASHIFT (AQUASHIFT spring 2005 - AQUASHIFT spring 2007) as

well as the bottle experiment summer 2007. The data presented in this study are the results of

the analysis from the experiment AQUASHIFT spring 2006 and the bottle experiment.

Tab. 1: Overview of the designs of the two experiments conducted and analysed for the presented work

experiment volume | organisms temperature additions light
included gradient intensity
AQUASHIFT ~1200L -overwintering AO°C — A6°C _ - 30% max.
spring 2005 plankton%c (in steps of 2°C) i.ntelllsity
community - 1n-situ
-zooplankton progression
AQUASHIFT ~1200L -overwintering A0°C — A6°C inorganic -100% max.
spring 2006 planktonic (in steps of 2°C) nutrients intensity
community (to meet -12:12h
-zooplankton conditions of day-night-
previous cycle
experiment) - even 6h in-/
decrease
AQUASHIFT ~1200L -overwintering A0°C — A6°C _ - 60% max.
spring 2007 plankton%c (in steps of 2°C) i.ntel.lsity
community - In-situ
-zooplankton progression
bottle ~ 20L -bacterioplankton A4°C — A12°C - nitrogen -100% max.
experiment -Skeletonema (in steps of 4°C) - phosphorus intensity
summer 2007 costatum -12:12h
day-night-
cycle
- even 6h in-/
decrease

*The bottle experiment carried through in summer 2007 was no ‘official’ AQUASHIFT experiment but
conducted as a spin-off from the AQUASHIFT project.
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The aim of the present work was to examine the response of the marine planktonic
community during a pyhtoplankton spring bloom to the rising water temperatures due to
future global warming. The main focus lay on potential shifts within the community
composition of the bacterial assemblage by analysing both the not-attached and the particle-
attached bacterial fractions. The assumed coupled effect of temperature and nutrient
concentrations on the bacterial community structure was also taken into account. This study
therefore provides valuable insights into the impact increasing water temperatures might have
on the community composition of marine bacteria and therefore also on the processes defining
the functional link between algal production and bacterial degradation of organic matter.
Understanding the possible consequences of these experimental results for the in-situ
planktonic communities will allow for a realistic appraisal of the impact of global warming on
the marine carbon cycle.

A general overview of the development of the plankton community with increasing
temperature is shown in chapter I “The effect of rising temperatures on a planktonic
community during an induced phytoplankton spring bloom”. Enumeration of phyto-,
mesozoo-, bacterio- and viroplankton, the molecular analyses of the eu- and prokaryotic
communities as well as the assessment of highly active bacteria indicated an impact of
increasing temperature on the interaction between some of the different planktonic fractions.
Within the bacterial assemblage, quantitative and apparently temperature-related shifts were
most distinct in the highly active fraction of the not-attached bacterial community and most
pronounced between the two temperature extremes (A 0°C and A +2°C). Though a direct
impact of temperature could not be ruled out, these quantitative shifts were probably a result
from indirect temperature effects, mediated by zooplankton predation. Still, these pronounced
quantitative shifts within the highly active bacterial community made clear that, whether in a
direct or indirect way, increasing temperature does effect the bacterial community. In the

following chapters, this impact was analyzed more elaborately.

In this respect, chapter II “Temperature effects on the bacterial community
composition during an algal spring bloom: a mesocosms study”, describes the composition of
the not-attached as well as the particle-attached bacterial community for the two extreme
temperatures of the experiment AQUASHIFT spring 2006. With a focus on the molecular
methods CARD-FISH and DGGE, the bacterial assemblage at A 0°C and A +6°C revealed
quantitative and qualitative differences in community structure which were most pronounced

in the PA fraction. The analysis shown in chapter III therefore revealed shifts within the
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bacterial community during the experiment AQUASHIFT spring 2006 which appeared to be

directly related to the ambient water temperatures.

Chapter III “Shifts in the bacterial community composition during an algal bloom
under the influence of rising temperatures and different nutrient regimes” addresses the
interplay between increasing temperatures and inorganic nutrients as another bottom-up factor
to affect growth and activity of the bacterial community, The experimental design differed
from that used in the AQUASHIFT experiments (table 1), still the same molecular methods
were applied to examine the bacterial community structure along the temperature gradient of
A 0°C, A +4°C and A +8°C. The results especially from the genetic fingerprinting DGGE

revealed temperature linked structural differences within the bacterial assemblage, whose

extent seemed to be influenced by different nutrient conditions.

Fig. 2: Climate chamber with mesocosm containing ~1200 L of sea water; devices for direct lighting from above
in inclined position
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Chapter I - The effects of rising temperatures on a planktonic community during an induced phytoplankton spring bloom

Abstract

An indoor mesocosms experiment was conducted to shed light on the influence of increasing
water temperatures on the planktonic community during early phytoplankton spring bloom
conditions. Over a temperature gradient of four different ambient temperatures, (A 0, A +2, A
+4 and A+6°C from the in situ ten-year temperature average in the Kiel Fjord of 2°C), an
assemblage of the natural winter plankton community from the Baltic was incubated and
analysed during the course of an algal spring bloom. The planktonic community (phyto-,
mesozoo-, bacterio- and viroplankton (virus-like particles) as well as heterotrophic
nanoflagellates in general along with the abundance of actively respiring bacterial cells in
particular was analysed by several staining methods, combined with different ways of
microscopy and flow cytometry, respectively. Furthermore, the eukaryotic community as well
as the not-attached bacterial assemblage were studied on a molecular level, using the PCR-
based genetic fingerprint method denaturing gradient gel electrophoresis (DGGE), along with
the sequencing of excised bands. The timing of the phytoplankton blooms was clearly
influenced by ambient temperature. Quantitatively, algal dynamics and mesozooplankton
abundance appeared to be linked in their quantitative development: higher over all-
abundances occurred in the warmer tanks; furthermore, nauplii concentrations increased with
rising temperatures. The banding patterns of the eukaryotic genetic fingerprint suggested
differences in the structure of the eukaryotic communities at the two temperature extremes.
Over the temperature gradient, the dynamics of heterotrophic nanoflagellates and virus-like
particles could not be linked to different ambient temperatures. There were no qualitative
temperature-related shifts within the not-attached bacterial community, but quantitative
analysis revealed lowest total bacterial numbers at coldest temperatures. Highly active
bacteria did show apparent temperature-related quantitative trends, revealing steep declines in
their dynamics that varied with ambient temperature and could not be linked to temperature-
dependent nanoflagellate activities or lysis events. Yet, since ciliates were not assessed in this
study, grazing could not completely be ruled out as the cause for these temperature-linked

dynamics of highly active bacterial cells.
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Introduction

The fate of carbon in the oceans is determined by the functions of the marine food web whose
structure is closely coupled with the cycling of organic matter (Thingstad and Rassoulzadegan
1999 ). Primary and secondary production of organic matter by phyto- and bacterioplankton
and its mediation to higher trophic levels by grazing of nanoflagellates (mixo- and
heterotrophic), ciliates and metazoa determines whether carbon is exported to be stored in
sediments, whether it accumulates in the water column or re-enters exchange with the
atmosphere. From primary production, bacteria mediate the major flux of organic matter to
higher trophical levels via the microbial loop (Azam et al. 1983). Bacterioplankton is
controlled by mixo- and heterotrophic protozoa, which in turn are preyed upon by ciliates.
The grazing of metazoa on algae and ciliates is the mediating step from primary and
secondary production to larger heterotrophs. The quantity as well as the quality of interaction
between these ‘executive’ biota allows a description of the flux patterns for oceanic carbon. A
thorough understanding of the marine (microbial) food web, its controlling agents and how
they influence the fluxes of the marine carbon cycle is therefore crucial for a description of
the role of the oceans within the global biogeochemical carbon flux (Legendre and Le Fevre,

1995).

With the set-in of a phytoplankton spring bloom event, phyto- and bacterioplankton as
the constituent biota of the microbial food web undergo a temporal succession (Andersen &
Serensen 1986, Urban et. Al 1992, Larsen et al. 2004): primary production by algal growth
sets off first, mainly triggered by sufficient light intensity (Hitchcock and Smayda 1977),
which in turn enables the overwintered phytoplankton to develop, utilizing the inorganic
nutrients that have accumulated in the water column during winter (Wasmund et al. 2006).
Heterotrophic bacteria answer to the DOC released by phytoplankton with enhanced growth
and enter into a competition for inorganic nutrients with phytoplankton (Bratbak 1987). In
turn, heightened bacterioplankton activity results in an increase of bacterial grazers.
Therefore, mixo- and heterotrophic nanoflagellates as well as flagellate-grazing ciliates follow
the increasing bacterial numbers. Metazoans, which mainly prey on phytoplankton, also
succeed the algal development and can influence the extent and duration of the spring bloom,

depending on their overwintering stock (Bathman et al. 1990).
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This close interaction of biota illustrates that the relative proportions of the functional
components to each other play an important role for structure and performance of the general
as well as the microbial food web and hence for the biogechemical cycling of marine carbon
(Cho and Azam 1990). Nutrient concentrations seem to be a relevant issue where this
interplay of planktonic biota is concerned. It has been shown that the ratio of the overall
heterotrophic : autotrophic biomass in marine plankton communities as a proxy for their
interaction varies. The share of heterotrophs apparently decreases with rising algal primary
production, which has been associated with the trophic status of oceanic regions (Gasol et al.
1997). There is also evidence for bacterial biomass surpassing that of phytoplankton in
oligotrophic conditions (Simon et al. 1992), whereas increasing trophic status favors

autotrophic production (Gasol et al. 1997).

Aside from nutrients, temperature is a further regulative factor differently affecting
heterotrophic and autotrophic plankton communities. This is shown by their respective Qo
values, which represent the factor a physiological rate has to multiplied with for an increase of
10°C in ambient temperature, and which tend to differ between heterotrophic and autotrophic
plankton. The Q¢ for phytoplankton is generally assumed to range from 1 to 2 (Eppley 1972),
whereas the Qo for heterotrophic microzooplankton is usually placed between 2 and 3
(Huntely and Lopez 1992), a factor that can also be assumed for bacteria as a compromise on
the widely ranging estimates for bacterial temperature dependency (Li 1998). It is therefore
assumed that heterotrophic plankton shows a stronger response to changes in ambient
temperature than mainly light-controlled autotrophic phytoplankton, which might result in the
de-coupling of former functional links and mismatch situations within the planktonic
community, but also in changes of abundance and community composition. This in turn might
influence the carbon pathways within the microbial food web and therefore the marine carbon
cycle itself. An increasing bacterial production could, for example, lead to enhanced
remineralisation of organic carbon and therefore a diminished export to the ocean depths.
Similar alterations in the marine carbon flux could be induced by shifts within the bacterial
community composition towards species which are better adapted to increasing ambient

temperatures.

Rising temperatures due to ongoing climate change have been much discussed
recently. According to the [IPCC report 2001, north-central Europe will be most exposed to
the effects of global warming during winter, with a predicted increase in sea surface

temperatures of 5-10°C in this region for the ‘business-as-usual-scenario, which accounts for
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a doubling of CO; emissions through out the current century (Houghton et al. 2001). Since the
on-set of the algal spring bloom temporally coincides with this prognosticated increase in
water temperature, information about the response of the complex interactions within
microbial food web during the particular period of the early year is crucial for specifying the

influence of rising temperatures on the marine carbon cycle.

The objective of this study was therefore to shed light on the response of the marine
planktonic community to increasing ambient temperatures. Since we were not able to
establish temperature controlled conditions in situ, we opted for analysing the development of
a natural winter plankton community in an experimental system of several mesocosms, which
enabled us to install a temperature gradient within the IPCC-predicted range of future rising
temperatures. Taking cell counts by microscopy, the quantitative effect of rising water
temperature on phyto- and bacterioplankton, virus like particles (VLPs), protozoa and
metazoa during an artificial spring bloom was evaluated. Since bacterial cell counts alone are
not necessarily sufficient to reliably determine the quantitative influence of temperature on
bacterioplankton, actively respiring bacteria were assessed as well. Furthermore, we used
molecular biological methods to analyse the bacterial and zooplanktonic community

composition.

Materials and Methods

Experimental setting and sampling

During January 2006, eight indoor mesocosms were set up pairwise at four differently
temperated climatic chambers for 26 days to simulate rising ambient temperatures. These four
different treatments (A 0, A+2, A+4 and A+6°C) were determined by the initial temperature
difference from the decadal mean from 1993-2002 in Kiel Bight. From the Kiel Fjord (IFM-
GEOMAR pier, Kiel, Germany), water from 6 m depth was collected and evenly partitioned
between the 1200 I-tanks synchronously, using a hose set. Sampled water was not filtrated
previously to filling the mesocosms to ensure the collection of the entire planktonic winter
community. Ammonium was added up to 21 pmol L in order to meet the nutrient conditions
of a similar experiment conducted the year before (Wohlers et al., unpublished results). All
mesocosms were exposed to the same light regime of a day-night-cycle of 12:12 hours.
During exposure, light increased for six hours from ~155 to ~388 pE m™~ s™ and was reduced

again down to ~155 pE m™ s™ during another six hours. Continuous mixing was provided by
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one propeller in each tank. Daily sampling took place over the algal bloom, which began five
days after incubation and lasted three weeks. Withdrawn water was not replaced in order to
prevent a dilution of the initial water body as well as the adding of additional nutrients or
organisms. Using teflon hoses for sampling, up to ten litres of water were siphoned directly
into polycarbonate canisters. Samples for DNA- and CARD-FISH-filtration as well as counts
of bacterial cells heterotrophic nanoflagellates and viruses were taken on a daily basis,
whereas CTC-incubation was conducted every two days, as was sampling for phytoplankton.
Three parallel samples for zooplankton counts were taken once a week with a mini-Apstein

net (64um mesh) and fixed with industrial methylated spirit.

Environmental parameters and inorganic nutrients

Temperature and salinity were measured daily and directly in the water column of the
mesocosms using a Microprocessor conductivity meter LF 320 with a standard-conductivity
cell (TetraCon 325; WTW, Weilheim, Germany). A pH meter with pH-electrode(SenTix 81;
WTW, Weilheim, Germany) was used to assess the pH, also on a daily basis.

Unfiltered water samples were used for the measurement of ammonium as described
by Holmes and colleagues (14). For the determination of nitrate, nitrite, phosphate and silicate
(Hansen and Koroleff 1999), water was first filtrated through 0.65 cellulose acetate filters. All
measurements were done on the day the sampling took place or after storage at -20°C until

further progressing.

Enumeration of the planktonic community

After fixation of 2x100mL of sampled water with 0,5mL lugol solution, algal counts were
performed using the inverted microscope method (Utermohl 1958) for phytoplankton larger
than Spm. To attain 95% confidence limits of + 20%, 100 individuals were counted for each
taxonomic unit, which was not practical for rare species, however. For biomass calculations,
the most abundant diatom and flagellate species were chosen. After approximation to the
nearest geometric standard solid (Hillebrand et al. 1999), linear measurements were used to
calculate algal cell volumes which were converted into carbon content (Menden-Deuer and

Leassard 2000).

Total bacterial numbers were assessed after filtration of 1 mL of sampled water over 0.2 pm

polycarbonate-filters. Cells were stained with DAPI (4’-6-diamidino-2-phenylindole) and
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counted (1000x magnification) by epifluorescence microscopy (Axioskop, Zeiss, Germany).
On average, between 600 and 850 not-attached (NA) bacterial cells were enumerated in a

minimum of 20 and 15 view fields.

For the enumeration of heterotrophic nanoflagellates, aliquots of 15-20 ml were fixed
with pre-filtered (0.2 pm pore-size) glutardialdehyde (EM grade, 1% final concentration) and
filtered on black polycarbonate filters (0.8 um pore-size), where cells were stained with DAPI
(1 pg ml”" final concentration). On those filters, several “strips’ of 5 to 15 mm were counted,
using an epifluorescence microscope (Axioskop, Zeiss, Germany), with heterotrophic
nanoflagellates being defined as flagellate-sized cells without visible chlorophyll which was
assessed by its autofluorescence. On average, between 100 and 140 cells were counted per

view field, a number which declined and increased depending on the stage of the algal bloom.

To assess the abundance of virus like particles (VLPs), 2 ml aliquots from 50 ml
samples (fixed with pre-filtered (0.2 um pore-size) glutardialdehyde, EM grade, 1% final
concentration) were filtered over 0.2 um polycarbonat filters to remove algal biomass and
particles that might interfere with staining and visualizing VLPs. The thus pre-treated samples
were finally filtered on Anodisc filters (0.02 pm pore-size, Whatman), where VLPs were
stained with a mounting mixture of SYBR Green I and moviol (Lunau et al. 2005). VLPs
were visualized and counted at 1000x magnification using an epifluorescence microscope

(Axioskop, Zeiss, Germany). On average, between 70 and 110 VLPs were counted per view

field.

Mesozooplankton was enumerated using a Leica MSS5 binocular microscope. Samples were
distinguished by stage of development into copepodites (C1 — C6, therefore including adult
individuals) and copepod nauplii (N1 — N6) and corresponding eggs. Due to low initial
mesozooplankton concentrations, we aimed at diminishing the population as little as possible.
As a consequence, we were not able to keep the counting standards employed on
phytoplankton, since the sample volumes within reasonable limits regarding the maintenance

of the mesozooplankton community did not contain enough mesozooplankton individuals

Abundance of actively respiring bacterial cells

To assess the number of highly active cells, the fluorescent electron-transport system-specific
reagent CTC (5-cyano-2,3-ditolyl tetrazolium chloride) (Sherr et al. 1999) was applied to
aliquots of 900 pL from each parallel and temperature at a final concentration of 4 mM.
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Samples were incubated in sterile cryovials at the same temperature they’ve been taken at (A
0, A+2, A+4 and A+6°C) for two hours, and respiration was stopped with a mixture of
paraformaldehyde (1% final concentration) and glutardialdehyde (0.05% final concentration).
Samples were instantly frozen in liquid nitrogen and stored at —20°C until further processing.
Enumeration of CTC-positive cells was done by flow cytometry, using a Becton&Dickinson
FACScalibur (laser emission at 488 nm, constant flow rate (35 ul/min). Cells were detected in

a plot of orange fluorescence (FL2) versus red fluorescence (FL3) (Bernard et al. 2000).

Filtration, isolation and PCR amplification of nucleic acids

Immediately after sampling, 250 to 300 mL of water were filtrated on two differently pore-
sized polycarbonate filters (diameter 47mm, Osmonics, MN, USA). To remove large phyto-
and mseozooplankton from the samples, the water was first filtrated over 3.0 um and
subsequently onto 0.2 um polycarbonate-filters. The filters were shock-frozen in liquid
nitrogen and stored at -20°C until further processing. Isolation of nucleic acids was performed
by a pH-sensitive, slightly modified phenol-chloroform extraction to obtain DNA as well as
RNA (Sii83 et al. 2006). For the phylogenetic documentation of the eukaryotic community,
however, only DNA-samples were further processed by subsequent DGGE-PCR.

PCR for the bacterial as well as for the eukaryotic community was performed with a
Bio-Rad my-cycler (Bio-Rad, Munich, Germany), using primer pairs specific for a 16S rRNA
(358fGC, (Muyzer et al. 1993), and 907rM, (Muyzer and Smalla 1998)) and a 18S rRNA
gene fragment (EuklF and Euk516R-GC, (Diez et al. 2001)) of an approximate length of
500bp as is suitable for DGGE. For the amplication of bacterial nucleic acids, RNA was
transcribed into cDNA by an RT-step, using iScript TM Select and the slightly modified
included protocol (Bio-Rad, Munich, Germany; primer 1492r, (Lane 1991). Amplification of
Bacteria-specific 16S rcDNA gene fragments was performed using a touchdown program
with decreasing annealing temperatures from 65 to 55°C (2 cycles per step) and subsequent
16 standard cycles. 1 pl (1 to10 ng) of extracted DNA served as template. For amplification of
the 18S rRNA gene fragment, 33 cycles of denaturation, annealing and extension (at 94°C for
2 min, 56°C for 45 sec and 72°C for 2 min followed an initial denaturation step of 2 min at

94°C slightly modified after the protocol described by Diez and colleagues (Diez et al. 2001).
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For quantification, 4 pL of the amplification products, along with a quantitative ladder (1kB,
Eppendorf), were analyzed by electrophoresis in 1,2% (w/v) agarose gels. The gels were

stained with ethidium bromide and visualized under UV-light (Gel Doc XR, Bio-Rad, Munich

Germany).

DGGE analysis and phylogenetic affiliation

The rather uniform DGGE banding patterns from a previously conducted similar experiment
(AQUASHIFT spring 2005) did not suggest changes in the bacterial community composition
at the transient temperatures A+2°C and A+4°C (Walther, unpublished results). It was
therefore decided to constrain the genetic fingerprinting of the bacterial community to the two

extreme treatments A+0°C and A+6°C.

DGGE of bacterial cDNA and eukaryotic DNA was performed with the Ingeny
Phor-U system (Ingeny, Goes, Netherlands), using the slightly modified protocol described by
Brinkhoff & Muyzer (Brinkhoff and Muyzer 1997). The denaturating gradient was adjusted to
the specific assemblages (20-70% for the bacterial and 35-50% for the eukayryotic
community). After electrophoresis, the gels were stained with SYBR Gold (Molecular
Probes, Inc.) and documented using the Gel Doc XR system (Bio-Rad, Munich, Germany).
Prominent bands were excised and transferred into 50 mL of water (molecular grade,
Eppendorf, Germany) in sterile Eppendorf caps using an ethanol-sterilized scalpel. Excised
bands were incubated at 4°C overnight for resuspension of cDNA and finally stored at —20°C

until further processing.

DGGE banding patterns of the bacterial and the eukaryotic communities were
analyzed by performing Cluster analyses using the software Gel Compar II, version 2.5
(Applied Maths, Kortrijk, Belgium). Comparison of banding patterns was done curve based
(Selje and Simon 2003) using Pearson correlation and UPGMA. Excised bands were
sequenced by JenaGene (Jena, Germany) using the primer pair 358f and 907rM. For all
sequences, at least 350 bp were analysed with the software SeqMan (DNASTAR).
Phylogenetic affiliation was determined by using the BLAST function of the NCBI server

(http://www.ncbi.nlm.nih.gov) to perform comparison with the data available in GenBank
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Results

Environmental parameters and nutrient concentrations

Measurements of temperature exhibited values between 1.8 and 2.9 °C (A0°C treatment),

U Ta 3.8 and 5.2 (A+2°C treatment), 5.7 and
4 6.7°C (A+4°C treatment) and 6.9 and
3) :
e v R 8.3°C (A+6°C treatment). The desired
2 s b= wS o nw a8 == == . .
=
2 M“: B ol temperature gradient was established, but
'é. % —e4+¢—oo*—¢ ¢ there was also a divergence between
S, : parallel tanks in all climatic chambers,
being most pronounced in the warmest
0
i treatments. The development of the pH
9.2 showed a slight increase from values
9.0 . .
between 7.8 and 8.0 in the initial stage of
8.8
o the experiment up to a pH of 9.2 at all
=5
8.4 temperatures over the course of the phyto-
8.2 plankton bloom (Fig.1B). Salinity
8.0
78 remained stable during the experiment at
all four temperatures (Fig.1C), ranging
19
¢ between 18.1 and 18.7 during the
W
18.5 | owo & | sampling period and no notable
o 0 g e E [ ] g 3 3
2 9 coe osom vwey vew #e differencesbetween parallel treatments.
£ * IRE STO 00
s L Nitrate concentrations initially ranged
between 20.8 and 21.4 pmol L-1 at all
% DA S e )
i % temperatures. A decrease began first in the
= T AN e
7 L . ; : A+6°C treatments at days 7 and 8
0 10 20 30 ] ) o
day of experiment respectively, with NO;™ being consumed to
the detection limit within three and four
Fig.1: Development of environmental parameters days (Fig. 2 A).

measured during course of experiment: Temperature (A),
pH (B) and salinity (C) for each temperature treatment;
filled symbols representing parallel I, open symbols
standing for parallel II.
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Concentration [pmol L]

day of experiment

Fig.2: Dynamics of nutrient concentrations during course
of experiment. Nitrate (A); ammonium (B), siliacte (C)
and phosphate (D) concentrations for each temperature
treatment; filled symbols represent parallel 1, open
symbols parallel I (data provided by Julia Wohlers);
coloured bars mark peaks of algal blooms at different
temperatures

The decline of NOj5” started alter later in
the colder treatments; at AO°C, values
reached the detection limit at day 14 and
17, respectively. Ammonium
concentration decreased from the first day
of the experiment from initial values of
5.2t0 6.2 pmol L™ to the detection limit
within four and five days in the A+6°C
and A+4°C treatment and 7 and 9 days in
the two cold treatments (Fig.2 B). The
consummation of silicate (initial values of
19.8 to 21.3 pmol L") and PO4™ (initial
values of 0.88 to 0.89 umol L™") exhibited
similar trends of a later set-in of declining
values at colder temperatures to the
detection limit (Fig. 2 C and D). During
the late sampling period, PO
concentrations showed a slight increase up
to 0.14 and 0.07 pmol L' in warm and

cold treatments, respectively.

Phytoplankton dynamics

Analysis of algal biomass showed the
development of pronounced algal blooms
at all four temperature treatments (Fig.3
A-D ). Highest concentrations of algal C
were reached in the A+2°C treatment with
6.6 x10" pg C L™ (parallel I) as well as at
A0°C, where both parallels revealed
phytoplankton maxima of 5.5 x10* umol
C L. Generally, the occurrence of the
phytoplankton bloom showed a delay with

decreasing temperatures.
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Fig.3: Dynamics of phyto- and metaozooplankton druing course of experiment. A-D show the parallel

dvelopment of phytoplankton biomass (curves) and abundance of copepodites (C1 — C6) and nauplii (N1-N6)
put together (bars) for the four temperature treatments A +6, A +4, A +2 and A 0°C. Dark symbols represent

parallel I, open/white symbols stand for parallel II. E-H describe the share of diatom in total algal biomass, dark
symbols representing parallel I, open symbols standing for parallel II (data on algal biomass provided by Ulrich

Sommer).
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Fig.4: Development of phyto- and bacterioplankton during
course of experiment. Plotted is algal biomass (curves);
bars describe dynamics of total bacterial numbers (TBN)
for the four temperature treatments A +6, A +4, A +2 and
A 0°C (A,B,C,D). Filled symbols represent parallel I,
active bacterial cells dropped by one order of magnitude
between the first and the second peak (Fig.5 A-D; data

on phytoplankton biomass provided by Uli Sommer)

Blooms took place earliest at A +6°C (day 11)
and latest at A 0°C (day 18 to 20). In the two
cold treatments (A+2°C and A 0°C), a time lag
of several days was observed between the
biomass maxima in parallel II and parallel I
(Fig.3 A-D). Algal blooms were dominated by
diatoms in all temperature treatments (Fig.3 A-
D) with Skeletonema costatum being the most
abundant species (data not shown). At all
temperatures, the proportion of diatom biomass
increased towards the peak of the bloom until it
reached maxima of between 89 and 94% of the

total phytoplankton biomass.

Dynamics of total bacterial numbers and

actively respiring bacteria

Bacterial dynamics exhibited two peaks over
the sampling period with the first occurring
simultaneously with the phytoplankton
maximum - though the bacterial peak at colder
temperatures took place two days after the
algal peak - and a second increase which
occurred during the degradation phase of the
algal bloom (Fig.4 A-D). Bacterial abundance
was lowest in the A 0°C treatments where
maximum cell counts of 1.78 and 1.63 x 10°
mL™" were reached. Highest TBN were
observed during the second peak at A +4°C
with 3.37 (parallel T) and 2.48 x 10° cells mL"
(parallel II). There was a trend of slightly
higher bacterial numbers with increasing

temperatures during the first peak, whereas
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the second bacterial peak did not show any link with ambient temperatures. Time lags
between the phytoplankton peak and the second one of TBN were difficult to determine since,
at least at the two cold temperature treatments, the bacterial numbers were probably still

increasing after the sampling had been stopped.

The dynamics of CTC+ cells also revealed two peaks over the course of the algal
bloom (Fig.5 A-D), following the TBN dynamics. Counts of CTC positive (CTC+) cells
during their first peak were slightly higher at higher temperatures with maxima of 3.3 x 10’ at
A+6°C and 3.5 x 10° CTC+ cells mL™" at A+4°C. In the A+2°C and A0°C treatments maximal
counts were 3.1 x 10° and 2.4 x 10° CTC+ cells mL™, respectively. As already shown for the
TBN, counts of highly active cells did not show a strictly temperature-related trend during the
second peak. Highest values were assessed in the A+4°C treatment with a maximum of 5.1 x
10° CTC+ cells mL™; coldest tanks showed lowest counts with a peak at 3.6 x 10° CTC+ cells
mL™". There was, however, a steeper decline of CTC+ cells at warmer temperatures (A+6°C
and A+4°C), where the number of highly active bacterial cells dropped by one order of
magnitude between the first and the second peak (Fig.5 A-D). This trend was not nearly as

distinct in the A+2°C treatment and almost levelled out at coldest temperatures.
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Fig. 5: Dynamics of highly active bacteria (CTC positive cells) and heterotrophic nanoflagellates (HNF) during
course of experiment. Curves show the development of CTC positive cells, bars that of HNF for the four
temperature treatments A +6, A +4, A +2 and A 0°C (A, B, C, D). Dark symbols represent parallel I, open/white
symbols stand for parallel II.
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The proportions of highly active cells of the total bacterial numbers mirrored that of the
absolute values, also showing two peaks. The first co-occurred with the corresponding algal
blooms at all temperatures with proportions ranging between 10.8 and 18.3 %. During the late
stage of the bloom, proportions of highly active bacteria increased again, reaching
percentages up to twice as high as during the first peak. With up to 38.6 % CTC -cells of
TBN, the A 0°C-treatments exhibited the highest proportions of highly active cells (fig. 6).

40 Fig 6: Percentages of

highly active cells of total
bacterial numbers for both
parallels at all four
temperatures (A +6, A +4,
A +2 and A 0°C) over the
course of the experiment.
Lines represent parallel I,
dashed lines parallel II.

30

20

10

proportion CTC+ cells of TBN [%]

day of experiment

Dynamics of heterotrophic nanoflagellatesand virus-like particles

Heterotrophic nanoflagellates (HNF) numbers reversely mirrored the development of CTC+
cells. Increasing abundance of highly active cells co-occurred with small HNF numbers,
whereas growing HNF counts went along with a decline in CTC+ cells (Fig.5 A-D). Numbers
of heterotrophic nanoflagellates during the initial phase of the sampling period were highest at
A0°C with maximum counts of 2.34 and 2.61 x 10° cells mL-1. HNF abundances after the
breakdown of CTC-positive cells were not particularly linked with temperature and reached
highest values in the A+6°C and A+2°C treatments with maximum counts of 1.7 and 3.1 and

2.0 and 1.7 x 103 cells mL".

Counts of virus like particles (VLPs) assessed at three cardinal points during the first
peak of actively respiring bacterial cells (during the exponential phase, at the peak, after the

decline) remained fairly stable in the two warmer temperature treatments (Fig.7 A-D).
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Fig.7: Development of highly active
bacteria (CTC positive cells) and virus-
like particles (VLP) during course of
experiment for the four temperature
treatments A +6, A +4, A +2 and A 0°C
(A,B,C,D). Given are dynamics of CTC
positive cells (curves) and VLP
counts for beginning, peak and end of the
first apex of highly active bacteria, with
dark symbols representing parallel I,
open/white symbols standing for parallel
II.

In both parallels, the number of VLPs ranged between 0.72 and 0.87 x 10° cells mL™ at

A+6°C and 0.7 and 0.89 x 10° cells mL™" at A+4°C. In contrast, there was a clear increase in

VLPs over the three analysed samples at the two colder temperatures. At A+2°C, VLP counts
increased from 0.72 and 0.64 to 1.15 and 0.99 x 10® cells mL™. In the coldest treatment, VLP

abundance grew from 0,85 and 0.79 during the exponential phase of the first increase in

CTC+ cells tol.24 and 1.15 x 10® cells mL™, respectively, after the decline of actively

respiring cells.
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Dynamics of mesozooplankton

To quantitatively determine mesozooplankton dynamics of nauplii and adult copepodes were
analyzed together as one parameter. At all temperatures, counts revealed a community mainly
consisting of Oithona sp. and Pseudocalanus with the latter dominating the assemblage. The
Pseudocalanus community actually was a mixture of Pseudocalanus sp. and Paracalanus
sp., which are hardly distinguishable until adulthood. Yet, only very few adult Paracalanus
sp. individuals were found at later stages of the experiment in all treatments.
Counting results revealed highest mesozooplankton abundances in warmest treatments with
maximum counts of 70 and 76 individuals, respectively (Fig.3 A-D). With decreasing
temperature, zooplankton numbers declined until at coldest temperatures, maximum counts of
11 and 12 in the respective parallels were reached (Fig.3 A-D).

In all tanks, mesozooplankton numbers increased during the decline of the
phytoplankton bloom and showed maximum values at the end or even after (A+6°C) the algal
degradation phase (Fig.3 A-D). This is in accordance with the notion that mesozooplankton

mainly grazes on phytoplankton.

Microbial community structure

For qualitatively analysis of the bacterial and eukaryotic communities at crucial stages of the
phytoplankton bloom, severalcrucial points of the overall algal development were chosen
(bloom on-set, middle of the exponential phase, peak, middle and end of degradation phase).
Samples from each parallel and temperature treatment taken at these points were examined by
genetic nfingerprinting. Since the algal blooms lasted longer at cold temperatures, two points
from the exponential and degradation phase were analysed instead of one in the warm
treatments.

Genetic fingerprinting specific for Bacteria revealed 16 and 20 at A+6°C and 14 and
21 different bands at A 0°C (Fig. 8). There were several bands persisting during the entire
course of the phytoplankton bloom, irrespective of temperature. The twelve excised and
sequenced bands from the not-attached bacterial community revealed two chloroplast-derived
ribotypes (AS06-12NA, AS06-19NA ) and two bands that could be assigned to
prymnesiophyceae (AS06-20NA, AS06-24NA), despite of the pre-filtration over 3.0 um
(Tab.1). The remaining bacterial-derived bands could be affiliated with the a-Proteobacteria,
with three ribotypes (AS06-14NA/-23NA and AS06-18NA) assigned to the Roseobacter
clade affiliated RCA-cluster (Selje et al. 2004), and the Bacteroidetes phylum (AS06-15NA;
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AS06-16NA). Band AS06-22NA was closest related to the B-proteobacteria, with

Hydrogenophaga pseudoflava being the closest cultivated relative (96%).

Excluding the algal-derived bands, the comparison of the banding patterns of the

bacterial genetic fingerprint by cluster analysis showed two main clusters (Fig.9). The first

solely included samples from parallel II from the A 0°C treatment, whereas the second

consisted of samples from both extreme temperatures, indicating that the parallel I

communities at A+6°C and A 0°C were more similar than the two cold bacterial assemblages

among each other.
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Fig. 8: Genetic fingerprint of the
not-attached bacterial community
at the two temperature extremes.
Shown are 16S rRNA based c-
DNA DGGE fingerprints done
with the eubacterial primers 358f
GC and 907rM at five selected
cardinal points of the algal bloom,
which are given as numbers over
each lane (day of experiment).
Arrows mark excised bands.
Samples were taken for parallel I
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Fig.9: Cluster analysis of the genetic fingerprint shown in Fig.8. The dendogram shows similarities between the
banding patterns for the two temperature extremes, with samples taken for parallel I and II from the A 0°C and
for parallel I from the A +6°C treatment. Further given are day of experiment and similarity values within the
dendogram.

For the eukaryotic communities, DGGE fingerprinting showed a rather low richness which
apparently was not related to temperature (data not shown). Unlike with the bacterial
assemblages, there were only very few bands that persisted over the course of the algal bloom

and at all temperatures.

From the 14 bands excised from the eukaryotic fingerprint (data not shown), two were
affiliated with the cryptophyceae Rhodomonas sp. (AS06-EUK?3) and Teleaulax sp.
(AS06_EUKT7) and one was related to the dinoflagellate Katodinium rotundatum
(AS06_EUKA4). The ribotype AS06_EUK10 and AS06 _EUKI12 were affiliated with a marine
gorgonial coral (Junceella squamata) and there were sequences related to gastrapoda
(AS06_EUKI18) as well as barnacles (AS06_EUK?22). The remaining bands were all affiliated
with different copepod species, even though one of those ribotypes was related to a freshwater

species (AS06_EUK27).

Cluster analysis showed two main clusters, of which one included all samples from the
A +6°C and most of the A +4°C treatments (Fig.10). All samples from the A 0°C grouped in

the second cluster, along with one from the A +4°C mesocosms. The eukaryotic community in
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the A +2°C tanks was evenly distributed over both clusters, forming sub clusters with samples

both from the A +4°C as well as the A 0°C treatments.
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Fig. 10: Cluster analysis of the genetic fingerprint of the eukaryotic community. The dendogram shows

similarities between the banding patterns for all temperature treatments, with samples taken at chosen cardinal

points of the algal bloom, which are given as day of experiment. Numbers within the dendogram represent

similarity values within the tree.
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Discussion

In general, our experimental design has proven to be a reliable system to simulate the
development and succession of the plankton community during an algal spring bloom along a
temperature gradient. At all temperatures, depletion of nutrients was accompanied by distinct
algal peaks; the subsequent development of bacterioplankton and HNFs, as well as that of
metaozooplankton, followed the phytoplankton blooms. Though similar in general dynamics,
there were quantitative differences in the planktonic development that seemed to be related to
temperature. Algal biomass was highest in the coldest treatments, whereas counts of
metazooplankton increased with rising temperatures. TBN were lowest at coldest
temperatures, and the dynamics of highly active bacteria revealed a distinctly temperature-
related pattern with a marked break-down at warmest treatments which was leveled out with
decreasing temperatures. Within all planktonic communities, the quantitative development
was delayed at coldest temperatures. General patterns like successions and over all dynamics
therefore showed analogical trends in all treatments but varied in extent and timing according

to temperature conditions.

The temperature gradient that was set up by the use of differently temperated climate
chambers held over the duration of the experiment, except for one parallel of the warmest
treatment which deviated towards a development closer to the A +4°C mesocosms. The
developing algal bloom was dominated by diatoms and Skeletonema costatum, respectively.
In the Kiel Bight, phytoplankton spring blooms have been shown to be of a similar
composition: in an analysis of bacterial incorporation of organic substances in the Kiel Bight ,
Wolter (1982) found the phytoplankton community dominated by diatoms as well as the
presence of Skeletonema costatum as one of the prevalent species. In a comparison of data
from literature over the entire past century with recent analyses from the Kiel Bight,
Wasmund and colleagues (2008) also observed Skeletonema one of the relevant algal species
during spring blooms. In terms of phytoplankton biomass, a comparison between the results
of the mesocosm experiment and a typical situation in the Kiel Bight is hardly feasible.
Regarding the wide range of algal biomass Wasmund and colleagues (2008) found during the
spring blooms in the Kiel Bight over three consecutive years (2001 — 2003), it is difficult to

find representative data.

47



Chapter I - The effects of rising temperatures on a planktonic community during an induced phytoplankton spring bloom

The bacterial community examined in this experiment resembled one expected in a brackish
system. The excised and sequenced prokaryotic bands from the bacterial genetic fingerprint
were dominated by members affiliated with the CFB (Cytophaga-Flexibacter-Bacteroidetes)
group but also those from subgroups from the Profeobacteria, with at least one representative
of the B-Proteobacteria as a typical member of a freshwater community. These groups are
common in brackish environments in general (Bouvier & del Giorgio 2002) and have also
been found in studies conducted in estuarine waters in the Baltic Sea area (Kisand et al.

2002). The assumption that therefore the bacterial community that developed during this
mesocosm experiment was no artificial assemblage is moreover substantiated by Riemann and
colleagues (2008) who, by molecular as well as cultivation based analysis, found the bacterial
community composition of the estuarine central Baltic Sea dominated by Bacteroidetes, but
also detected typical fresh water species such as B-Proteobacteria We therefore assume that
the experimental set up we used was sufficient regarding the objective to analyze the
development of a planktonic community during an algal spring bloom under the influence of

different ambient temperatures.

Temperature effect on single plankton compartments

Rising temperatures had a clear effect on phytoplankton development. The delay of several
days regarding the timing of algal biomass peaks was markedly linked to temperature. This
indicated that light conditions during the experiment were not limiting algal growth, which
resulted in a temperature controlled phytoplankton development. Since diatoms dominated the
blooms in all mesocosms and are known to form distinct blooms at colder ambient
temperatures in general (Lomas and Glibert, 1999), it is not surprising that algal biomass was

highest at the two cold treatments.

Heterotrophic bacterial development is known to be affected by temperature (Eiler et
al. 2003), but also by nutrient concentrations (del Giorgio & Cole 1998), quantity and quality
of organic substrate concentrations as well as viral lysis and grazing pressure (Weinbauer et
al. 1998). The first peak in TBN which appeared at all temperatures was most likely triggered
by substrate input derived from algal exudates (Baines and Pace 1991). Quantitatively, this
released DOC should have been most pronounced at cold temperatures, where highest algal
biomass was found, and lowest in the two warmer treatments which exhibited smaller
concentrations of phytoplankton biomass. Still, highest TBN were found at high and lowest

TBN at low temperature treatments, hinting at temperature having affected quantitative
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bacterial development. Also, the general dynamics of highly active bacteria (Fig.5) appeared
to be linked to the applied temperature gradient with the most prominent declines in CTC+
cells at the two warmer temperatures and a comparatively consistent development in the
coldest treatment. These different dynamics were not mirrored in the rRNA-based genetic
fingerprints, though, where the cluster analysis of the two extreme treatments (A +6 and A
0°C) showed very similar respective bacterial NA communities. Any direct or indirect
temperature influence was apparently a solely quantitative one. Since neither growth rates nor
grazing experiments have been conducted, temperature dependent protist or ciliate grazing
cannot be excluded as a potential reason for the development of TBN or the dynamics of
highly active bacteria. Though the counts of HNFs do not hint at it (see below), it is still
possible that low temperatures resulted in diminished grazing acticity, with HNFs and/or
Ciliates mediating a therefore indirect temperature effect to the food web level below them.

Without reliable grazing data, this question cannot be conclusively answered.

The development of potential bacterial grazers and lysis apparently responded
differently to the temperature gradient. Heterotrophic nanoflagellates and VLPs did not show
any constant temperature related trends, with the HNF community revealing an only very
slight decline at coldest temperatures. The metazooplankton community apparently was
affected quantitatively by increasing warmth of the environment. The eukaryotic genetic
fingerprint which was predominated by metazooplankton (presumably, the proportion of HNF
nucleic acids in the samples was not high enough to have been sufficiently amplified by PCR,
therefore resulting in a lack of protist signals in the eukaryotic fingerprints) furthermore
suggested that the composition of the assemblages from the two extreme temperatures
differed from each other, whereas those from the A+4 and A+2°C treatments seemed to
represent a kind of intermediate community, clustering with both coldest and warmest
samples. Temperature therefore apparently affected metazooplankton on both a quantitative as

well as qualitative level.

The impact of temperature on the planktonic community

The different planktonic communities we analyzed are tightly linked among each other by
grazer-prey and virus-host relations (Weinbauer and Hofle 1998). These couplings are known
to have an impact on abundance as well as community structure, especially of the prey/host
assemblage (Matz and Jiirgens 2003). Environmental aspects affecting the grazer/virus
communities can therefore indirectly also have an impact on the prey/host organisms. To
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reliably determine the influence of rising temperatures within the planktonic food web, it is
therefore necessary to also take those affects into account which might be indirectly mediated

by other organisms or factors.

The quantitative analyses of the planktonic communities in the presented experiment
suggested similar interactions of grazer/prey organisms as described above. The most
pronounced temperature-related changes that were found within the plankton assemblage
were the difference in the dynamics of highly active bacteria between the two temperature
extremes. The pronounced break down of CTC+ cells after the first peak as a general trend for
this parameter clearly decreased with falling temperatures, but appeared to be rather a result
of grazing or viral lysis (or lack thereof) than of an direct impact of temperature at first sight.
The dynamics of heterotrophic nanoflagellates did not support this notion, though (Fig.5).
HNF numbers increased after the decline of CTC+ cells in all temperature treatments, but
highest counts have been taken in the A+2°C where the break-down of highly active bacteria
already begun to level out, whereas the differences in HNF numbers between the two warm
and the coldest tank were not pronounced enough to allocate the drastic differences in CTC+
cell dynamics to HNF grazing. These results indicate that, as expected, nanoflagellates
actually did prey on bacteria, but were not mainly responsible for the distinctly different
CTC+ dynamics along the temperature gradient, even more so since there were no
pronounced temperature-related differences in HNF numbers themselves. Still, HNF counts
from day six in the coldest treatment, which were markedly higher than at the other
temperatures, might explain why CTC+ counts were clearly lower during the first peak in the
coldest mesocosms compared to the others. However, since neither HNF species composition
nor grazing rates are known for this experiment, this interpretation of the interaction between
bacteria and HNF is based solely on the foundation of quantitative trends over the algal bloom

and can therefore only be a partial one.

Viral lysis is a further factor for cell death among the bacterial community. Several
studies have already shown that bacteriophages play a decisive role in quantitative as well as
qualitative control of the bacterial community (Weinbauer and Hofle 1998, Winter et al.
2004), which might be as important as that of HNF grazing (Hahn and Hofle, 2001). There
have also been studies on the effect of temperature on viral lysis of bacteria, which suggest
temperature related changes in burst sizes and virus decay (Noble & Fuhrman 1997). Our
results, however, seem not to be in accordance with that, though our analysis of VLPs might

not have been extensive enough to make reliable deductions. The VLP counts that were taken
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before, during and after the first peak of highly active bacteria did not indicate that viral lysis
had a share in the break-down of CTC+ cells in the warmer tanks (Fig.6 A, B), even though
VLP counts increased slightly in the A+2 and A 0°C treatments. Since it is assumed that the
lysis of infected cells and the release of virus-like particles takes place in a more or less
synchronous way (Bratbak et al. 1996), viral lysis as the reason for the break-down of highly
active bacteria at colder temperature would imply a more pronounced increase in virus-like

particle numbers.

It is well established that metazooplankton prey on phytoplankton. Though grazing by
proto- and metazooplankton apparently not always controls the in-situ dynamics of algal
biomass (Lignell et al. 1993), the phytoplankton development within the enclosed conditions
of the presented study have been clearly affected by this grazing activity. The diminishing
algal peak was mirrored by an increase in metazooplankton numbers (Fig.3 A-D);
furthermore, highest phytoplankton biomass went along with low counts of metazoa in the
two cold treatments, whereas highest numbers of metazooplankton resulted in a reduced algal
development at A+4 and A+6°C. Aside from their impact on phytoplankton, it has been
shown that metazoan grazing can also control bacterioplankton in freshwater environments
(Thouvenot et al. 1999); further studies imply that at least several species of nauplii (NP),
whose abundance clearly increased with growing temperatures in our experiment (Fig.3 A-D),
are capable of bacterivory (Rolff et al. 1995). In the A+6 and A+4°C, the NP numbers showed
their first clear increase around day 15, which coincides with the break-down of CTC+ cells at
these temperatures. The only slight increase NP at day 15, coupled with over all lower
numbers in the A +4°C treatment, is mirrored by a clearly reduced decrease of the first peak
of CTC+ cells at these temperatures; in the coldest treatment, the rather weak increase in NP
counts goes together with a diminished break-down of highly active bacteria. These results
suggest that nauplii had a grazing impact on the bacterial community, yet it is more likely that
ciliates, which were not counted for this experiment, were the major grazers on the highly
active bacteria. If grazing was the actual reason for the break-down of CTC+ cells in the
warmer tanks, the subsequent recovery of the highly active bacterial community (Fig.5) hints
at the development of grazing resistance, probably by the reduction of cell size which might
prevent retention in the filtering (Langenheder and Jiirgens 2001). Since our genetic
fingerprints show a rather conform visual picture over the course of the experiment (Fig.8), it
is unlikely that new bacterial species better adapted to withstand grazing pressure by nauplii
or HNFs took over the community. Cluster analysis also did not indicate a change in bacterial

community composition with the progress of the algal bloom (Fig.9).
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The development and succession of a plankton community during an algal spring
bloom along a temperature gradient was successfully simulated. The obtained results suggest
that at least for phytoplankton, the well-established grazer-prey interactions between algae
and metazooplankton also took place during this experiment, probably mediating temperature
impacts affecting the grazer on to the phytoplankton community. The marked seemingly
temperature-related dynamics of highly active bacteria that were found remain unexplained,
since the HNF-counts do not offer clarification, and ciliates as the second potential bacterial
grazers have not been assessed in this study. A direct temperature effect on the highly active

bacterial community can also not be categorically excluded.

In general, planktonic dynamics as shown here always represent an interplay of production on
the one and mortality on the other hand. In order to find out whether and/or how temperature
affects these dynamics, it is important to consider how the two afore-mentioned aspects
constituting a quantitative community development answer to a temperature gradient. The
factors responsible for cell death have been shown and discussed for this experiment. For
phytoplankton, the interaction between algae and metazooplankton indicated that grazing was
one reason for the break down of the algal blooms at all temperatures — albeit not related to
temperature. Regarding bacterioplankton, and solely based on cell counts, a temperature
dependency could neither be shown for potential HNF grazing nor for viral lysis. Bacterial
cell death therefore seemed not to have been temperature-linked (it has to be mentioned again
that specific grazing experiments have not been conducted and that ciliates have not been

analysed at all in this study).

Taking a look at production as the second factor controlling community dynamics might shed
more light on the apparently temperature-related dynamics of highly active bacteria. A more
detailed investigation focused on bacterial production, as well as community composition
under the influence of rising temperatures, including the particle-attached bacterial
assemblage as well, will be necessary to get a more detailed impression on the effect of rising

ambient temperature on the bacterial assemblage.
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Abstract

To examine whether rising ambient temperatures affect the phytoplankton-bacteria coupling
and the bacterial community composition (BCC) during early spring bloom conditions, indoor
mesocosm experiments were performed during which natural winter plankton communities
from the Baltic Sea were incubated at two different temperatures (A 0°C and A+6°C from the
in situ ten-year temperature average in the Kiel Fjord of 2°C). In this study, the composition
of the not-attached (NA) as well as the particle-attached (PA) bacterial assemblage was
studied during the course of an induced phytoplankton spring bloom by using the PCR-based
genetic fingerprint method denaturing gradient gel electrophoresis (DGGE) as well as the
catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH) method. In the
genetic fingerprints of 16S rRNA gene fragments, shifts that were linked to ambient
temperatures were detected only within the particle-attached fraction, for which comparison
of banding patterns revealed temperature-related clusters. Within the PA fraction, one
ribotype solely present at cold temperatures was found. Sequence analysis revealed this band
being affiliated to the B-Proteobacteria. On a group-specific level, our CARD-FISH counts
implied that the dynamics of Bacteroidetes of both the NA and PA fraction were affected by
temperature over the algal bloom, as well as the NA a-Proteobacteria. We therefore conclude
from our analyses on the species- as well as the group-specific level that a temperature
difference of 6 °C during an induced phytoplankton spring bloom resulted in shifts within the
bacterial community composition. Since this effect was more pronounced in the PA fraction
and also the share of PA bacterial production, measured by thymidine incorporation,
increased up to 40% in cold and 28% in warm treatments over the progressing bloom, our
study not only emphasises the relevance of the PA bacterial community during a
phytoplankton spring bloom, but also reveales the relevance of the effect rising water

temperatures have on the particle-attached bacterial assemblage.
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Introduction

The interplay of phyto- and bacterioplankton in the functional coupling between primary
production and bacterial degradation of algal derived organic carbon (van Es & Meyer-Reil
1982) is a fundamental facet of the marine carbon cycle. Degradation of algal-derived DOM
and POM as well as bacterial production and respiration have great influence on the extent of
1) recycled carbon within the microbial loop (Azam et al. 1983), 2) refractory carbon being
transported to the ocean depth and 3) CO; released to the atmosphere (Azam 1993). As with
microbes in all ecosystems, heterotrophic bacterial activity within the microbial loop is
affected by temperature, which might have considerable impact on the three aspects of the
marine carbon cycle mentioned above. Yet, the role of temperature in the coupling of phyto-
and bacterioplankton at low water temperatures is not clear, though its impact may be of high
significance during a phytoplankton spring bloom in temperate zones. There is evidence that
during a spring bloom event in cold waters, temperature might be one of the factors
potentially suppressing bacterial activity (Pomeroy & Wiebe 2001), resulting in a decoupling
of phyto- and bacterioplankton which in turn leads to a considerable proportion of algal
derived carbon not being recycled (Pomeroy & Deibel 1986). In contrast to that, Moran and
co-workers (Moran et al. 2001) documented a considerable coupling between algal production
and bacterial consumption of DOC in Antarctic offshore waters, which was dependent in
strength on the amount of coastal DOC input (Moran et al. 2002). In another study, Yager
and Co-workers (Yager et al. 2001) also found a definite response in bacterial activity and

abundance to an early algal spring bloom at subzero temperatures.

Irrespective of the effect of cold waters on the algal-bacterial coupling and its strength,
global warming is predicted to increase especially North-Central European temperature
particularly during winter and spring (Houghton et al. 2001). Therefore, it is likely to affect
the interplay of phyto- and bacterioplankton during early algal spring blooms. Due to different
Q1o factors, which commonly range between 2 and 3 for heterotrophic bacteria (Pomeroy &
Wiebe 2001) and 1 and 2 for autotrophic phytoplankton in cold waters (Tilzer & Dubinsky
1986), rising temperatures presumably will result in a proportionally more enhanced bacterial
activity than phytoplankton primary production, thereby Ileading to increased re-
mineralization of phytoplankton-derived carbon within an intensified microbial loop, and as a
consequence to a reduction of the amount of carbon exported to the ocean depth (Kirchman et

al. 1995, Legendre & Lefevre 1995).
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Due to the relevance of the microbial loop for the marine carbon cycle as described above, it
is crucial to know whether and how changes in temperature might affect the performance of
the bacterial community in terms of bacterial activity and community composition (BCC).
The increase of heterotrophic bacterial activity with rising temperatures has been well studied.
Several authors have been able to show that bacterial cell-specific production and respiration
are highly temperature dependent (Felip et al. 1996, Pomeroy & Wiebe 2001, Kirchman et al.
2005, Lopez-Urrutia et al. 2006). There is only little and partly contradicting information
about the influence of temperature on the bacterial community composition, though. Nedwell
(1999) concluded that temperature affects bacterial substrate affinity, showing that the
available pools of substrates actively taken up by bacteria are effectively limited at lower
temperatures due to inhibited transport proteins in the cell membrane. Decreased substrate
affinity at low water temperatures may therefore select for species with higher affinities for a
given substrate than others, whereas the species that were outcompeted in the cold may grow
abundant again with increasing temperatures (Nedwell 1999). Investigating community
structure and growth of the bacterial community in the Southern Ocean, Simon and colleagues
(1999) found different bacterial communities along a gradient of decreasing optimum
temperature for bacterial growth. Some of the studies on aquatic bacterial community
composition with regard to seasonal temperature changes showed significant influence of
several bottom-up factors, including temperature (Muylaert et al. 2002, Yannarell & Triplett
2004), while others did not significantly link shifts in bacterial community structure with
temperature (Zwisler et al. 2003, Henriques et al. 2006) or found rather stable communities
over the year (Schauer et al. 2003). However, none of these studies concentrated on the
influence of temperature alone, but included other environmental factors that might be subject
to seasonal fluctuations as well. Therefore the particular effect of rising ambient temperatures

on the composition and diversity of aquatic bacterial assemblages is still unknown.

To approach this question, an indoor mesoscosm experiment was set up, designed to
simulate the dynamics of the planktonic community during a spring bloom event at two
different temperatures. The purpose of this study was to determine whether an increase of 6°C
from in situ water temperatures (+2°C) would affect the bacterial community composition
during an algal spring bloom. By applying the molecular techniques CARD-FISH, DGGE-
fingerprinting and sequencing of excised bands, we were looking for potential shifts within
the structure of the bacterial assemblages as well as identifying abundant bacterial

representatives at different temperatures on the group and the phylogenetic level.
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Materials and methods

Experimental design, sampling and abiotic parameters

Eight indoor mesocsoms were set up pairwise in four differently tempered climatic chambers
to allow parallel sampling. In order to simulate an increase in ambient temperatures, the
chambers were set at a gradient, ranging from in situ temperature at approximately 2°C
(calculated from the mean water temperatures of the Kiel Fjord at the beginning of February
over ten years, termed A 0°C in the following) up to 6 °C above in situ temperature (A +6°C),
increasing in steps of 2°C. From the Kiel Fjord (IftM-GEOMAR pier, Kiel, Germany), water
from 6 m depth was collected and equally divided between the 1200 L tanks synchronously
by using a hose set. To ensure collection of the entire plankton community, the water was not
prefiltered. Ammonium was added up to 21 pmol L™ in order to meet the nutrient conditions
of a similar experiment conducted the year before (Wohlers et al., unpublished results). All
mesocosms were exposed to the same light regime of a day-night-cycle of 12:12 hours. Light
increased for six hours from ~155 to ~388 uE m™ s and was reduced again down to ~155 pE
m™ s™' during another six hours. Continuous, gentle mixing was provided by one propeller in
each tank. Samples were taken daily during the algal bloom, starting on day 5 until day 31 of
the experiment. Withdrawn water was not replaced in order to prevent dilution effects on the
initial water body and unwanted addition of nutrients or organisms. Using teflon hoses, up to
ten litres of water were siphoned directly into polycarbonate canisters from which samples for
DNA, CARD-FISH and bacterial cell counts were taken. Since the results from a similar
previous experiment indicated stable bacterial communities at the temperature levels A+2°C
and A+4°C (Walther, unpublished results), we decided to analyse here only the extreme

treatments with temperatures of A+0°C and A+6°C.

Temperature and pH were measured using the Microprocessor conductivity meter LF
320 with a standard-conductivity cell TetraCon 325 and a pH meter with pH-electrode SenTix
81, respectively (both WTW Weilheim, Germany).

Chlorophyll a concentration

For the analysis of chlorophyll a (chl a), 50 to 500 mL of sampled water was gently (<200
mbar) filtered through GF/F filters which were stored at -20°C until analysis. For the analysis,
pigments were extracted in 90% acetone and measured fluorometrically on a 10-AU

fluorometer (Turner Designs, California) according to (Welschmeyer 1994).
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Enumeration of bacteria and phytoplankton

From each water sample, 100 mL were fixed with formaldehyde (2% wvol/vol final
concentration) and stored at 4°C until further processing for enumeration of bacteria.
Concentrations of total bacterial numbers (TBN) and particle-attached bacteria were assessed
after filtration of 6 mL of pretreated water over black 0.2 um polycarbonate filters. Cells were
stained with DAPI (4’-6-diamidino-2-phenylindole) and counted under an epifluorescence
microscope (Axioskop plus, Zeiss, Germany) at 1000x magnification. In a minimum of 20
and 15 view fields for NA and PA bacteria, respectively, between 600 and 850 bacterial cells
were enumerated on average, a guideline that could not always been met for PA cells at early
stages of the bloom when the occurrence of particles was very low. Algal cells were counted
using inverse microscopy (Utermohl 1958). To attain 95% confidence limits of + 20%, 100
individuals were counted for each taxonomic unit, which was not practical for rare species,

however.

Bacterial production

Incorporation of *H-methyl-thymidine for the determination of bacterial secondary production
was done slightly modified after Fuhrman & Azam (Fuhrman & Azam 1982). For each
sample, three replicates and one blank (treated with 1% v/v formaldehyde) of 10mL of water
were each incubated with 50uL of a 1uCi/10pL *H-methyl-thymidine solution (specific
activity: 63 pCi/nmol), resulting in a final and saturating concentration of 8 nmol L™. All
samples were incubated in the respective climate chambers at in situ temperature in the dark
for 1.5-3 hours and the incubation was terminated by the addition of formaldehyde (1% v/v).
From each sample, SmL were filtered through 3pm and 0.2um polycarbonate filters,
respectively. This was assumed to correspond to total bacterial production (0.2pum filter) and
particle-associated bacterial production (3um filter). The filters were rinsed with ice cold 5%
TCA (trichloro-acetic acid) solution before being radio-assayed in 4mL of scintillation

cocktail (Lumagel Plus) using a Packard Tricarb scintillation counter.

Filtration, isolation and PCR amplification of nucleic acids

Immediately after sampling, 500 to 600 ml water were filtered subsequently through two
differently pore-sized polycarbonate filters (3.0 and 0.2 pm pore size, diameter 47mm) in

order to distinguish between particle-attached and not-attached bacterial assemblages. The
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filters were shock-frozen in liquid nitrogen and stored at -20°C until further processing.
Isolation of nucleic acids was performed by a pH-sensitive, slightly modified phenol-
chloroform extraction to obtain DNA as well as RNA (Siif3 et al. 2006). However, only RNA
samples were processed further by first being transcribed into cDNA by an RT-step, using
iScript TM Select and the slightly modified included protocol (Bio-Rad, Munich, Germany ;
primer 1492r, (Lane 1991), and subsequently used as template for DGGE-PCR.

PCR was performed with a Bio-Rad my-cycler (Bio-Rad, Munich, Germany), using
primer pairs specific for Bacteria 358fGC (Muyzer et al. 1993), and 907tM (Muyzer &
Smalla 1998). Amplification of Bacteria-specific 16S rcDNA gene fragments was performed
using a touchdown program with decreasing annealing temperatures from 65 to 55°C (2
cycles per step) and subsequent 16 standard cycles. One pl (1 to10 ng) of extracted DNA
served as template. For quantification, 4 pl of the PCR products, along with a quantitative
ladder (1kB, Eppendorf), were analyzed by electrophoresis in 1,2% (w/v) agarose gels. The
gels were stained with ethidium bromide and visualized under UV-light (Gel Doc XR, Bio-
Rad, Munich Germany).

DGGE and phylogenetic affiliation

DGGE was performed with the Ingeny Phor-U system (Ingeny, Goes, Netherlands), using the
slightly modified protocol described by Brinkhoff & Muyzer (Brinkhoff & Muyzer 1997).
After electrophoresis, the gels were stained with SYBR Gold (Molecular Probes, Inc.) and
documented using the Gel Doc XR system (Bio-Rad, Munich, Germany). Prominent bands
were excised and transferred to sterile Eppendorf caps using an ethanol-sterilized scalpel.
Fifty pul of water (molecular grade, Eppendorf, Germany) were added, samples were

incubated at 4°C overnight for resuspension of cDNA and finally stored at —20°C.

The banding patterns and relative quantity of bands were analyzed using the software
Gel Compar II, version 2.5 (Applied Maths, Kortrijk, Belgium). Cluster analysis in order to
compare banding patterns was done band based on presence-absence data with the binary
Dice coefficient for similarity measurement of bands and the dendogram type UPGMA
(Unweighted Pair group Method using Arithmetic averages). The normalization to the same

standard of both the NA and PA gels allowed a joint cluster analysis of both assemblages.

Excised bands were sequenced by JenaGene (Jena, Germany) using the primer pair
358fand 907rM. For all sequences, at least 350 bp were analysed with the software SeqMan.
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Phylogenetic affiliation was determined by using the BLAST function of the NCBI server

(http://www.ncbi.nlm.nih.gov) to perform comparison with the data available in GenBank,

where the sequences obtained in this study are filed under the accession numbers EU068005 —

EU068025.

CARD-FISH analysis

After fixation with glutardialdehyde (4% w/v) for one hour, 40 ml water were first filtered
through 3.0 pm and subsequently through 0.2 um polycarbonate filters (diameter 47mm,
Osmonics, MN, USA) in order to distinguish between particle-attached and not-attached
bacterial cells. Until further processing, filters were stored in the dark at -80°C. CARD
(catalysed reporter deposition)-FISH was performed according to Sekar et al. (Sekar et al.
2003) with the following modifications: After the agarose treatment, filter snips were dried
with the surface upward on object slides and covered with 96% ethanol before being peeled
off again. Permeabilisation, hybridisation and the actual CARD (Grote et al. 2007) were
performed in 1.5 ml reaction tubes (Eppendorf), containing six filter snips at most per step.
For characterization of the bacterial community, the following horseradish peroxidase probes
(Biomers.net, Ulm, Germany) were applied: EUB 338-I-III (targeting most Eubacteria,
(Amann et al. 1990, Daims et al. 1999), ALF968 (targeting most a-proteobacteria, (Neef et
al. 1999)), BET (targeting most B-proteobacteria, (Manz et al. 1992)), GAM42a (targeting
most y-proteobacteria, (Manz et al. 1992)), CF319 (targeting many groups belonging to the
Bacteroidetes group, (Manz et al. 1996)). The EUB antisense probe NON338 (Wallner et al.
1993) served as a negative control. After hybridization and CARD, filter snips were
counterstained with Vectashield-mounting solution with DAPI (1 ug mL™"). Enumeration of
DAPI-positive cells (between 500 and 1.000) and hybridisation signals were counted in a
minimum of 15 fields (1000x magnification), using epifluorescence microscopy (Axioskop,

Zeiss, Germany).
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Results

Abiotic parameters

9 200
A e ® 00 04 %o 105
o T —8—.0_0 Qo o—o-©0 O
S 19.0
=
s 5 e L es ttto[m85
E : (.2 ! * L * * 3 > *r
] r18.0
3 = v
L ¥ 175
_s:ai;:"v_v_vv_ﬁﬁ_ vy
1 - - : - — 170
o
o
=
L]
=
o
o
2
©
E
=
[ 1]
o
=
=]
o
—
o
-
>
2
©
A
=
@
'—
’g - 40
=
2 30
©
A
20
=
£ 10
o
=]
< 0
o

0 5 10 15 20 25 30
day of experiment

salinity

PA thy incorp. [% total inc.]

In all four mesocosms, salinity
ranged from 18.1 to 18.7 PSU during
the sampling period (Fig.1A).
Temperatures lay between 1.8 and
2.9 °C in the cold and 6.9 and 8.3 °C
in the warm mesocosms (Fig.1A).
The parallel tanks of the same
treatment (P1; P2) exhibited a
systematic temperature difference of
an average of 0.4 °C in the warm and
1.1 °C in the cold tanks, caused by
different positions of the tanks in the
climate chambers. From the
measured inorganic nutrients (NOj,
NH,", PO, (SiOH),; data not
shown), NH,' reached the detection
limit first with NO5", PO,> and
(SiOH); following four days later.
The decline of all four components
occurred earlier with increasing
temperatures, resulting in a time lag
of up to seven days between warmest
and coldest treatments until
concentrations had reached detection

limits.

Fig.1: (A) Temperature and salinity progression over experiment. Circles represent temperature in warm,
triangles in cold mesocosms; salinity [PSU] is shown in diamonds with black and dark grey representing warm,
white and light grey representing cold tanks. (B) Chlorophyll a concentration for both parallels at warm and
cold temperatures over algal bloom (legend applies also for C and D), (C) total bacterial numbers for both
parallels in warm and cold tanks over experiment, (D) dynamics of particle-attached [PA ] bacterial cell
numbers (bars) for both parallels over algal bloom; development of PA bacterial production as percentage of

total thymidine incorporation (curves).
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Dynamics of phyto- and bacterioplankton and bacterial activity

In both parallels and at both temperatures, distinct phytoplankton blooms were observed, with
chl a concentrations being slightly higher at cold temperatures, where they reached 67.7
(parallel I) and 63.3 pg L™ (parallel II, Fig.1 B). Values at warm temperatures exhibited
maxima of 58.0 and 47.3 ug L™, respectively. In bloom onset and timing of maximum chl a
concentrations, a time lag occurred between temperature treatments as well as parallel tanks.
Maximum chl a concentrations were reached after 9 (parallel I) and 12 days (parallel II) at
warm, and after 15 and 19 days at cold temperatures. In warm tanks, the set off of algal
growth took place after five days and therefore four days earlier than in cold treatments,
where phytoplankton growth set in at day nine. In all mesocosms, algal blooms were
dominated by diatoms with Skeletonema costatum being the most abundant species, whereas

flagellates played only a minor role (data not shown).

Cell counts of the NA bacterial fraction at warm temperatures ranged from 0.73 to 2.62 x 10°
cells mL™". In cold mesocosms, these values ranged between 0.67 to 1.78 x 10° cells mL™'

(Fig. 1 C). The dynamics of bacterial abundance revealed a similar trend for both treatments
and parallels. From similar starting values between 1.11 and 1.38 x 10° cells mL™', cell
numbers declined during the first days of the experiment to increase again up to a first peak
concurrent with the phase of the phytoplankton peak. This stage was followed by a distinct
decline of cell numbers during the initial algal degradation phase and a second peak parallel to
the decline of the phytoplankton bloom. These dynamics were more pronounced and took
place earlier at warm temperatures,where also higher cell numbers were detected than in the
cold treatments. Furthermore, the time lag we found between parallels at same temperatures in

the algal dynamics was not detected in bacterial development (Fig.1C).

Particle-attached bacteria first decreased during the exponential phase of the algal
bloom and rose again during the break down of phytoplankton at all temperatures (Fig.1D).
Only in parallel II at cold temperatures did a continuous increase of the bacterial PA fraction
over the entire algal bloom take place. Maximum counts were 2.32 x10° and 2.52 x10° cells
mL™" at warm and 3.53 x10° and 2.67 x10° cells mL™" at cold temperatures. In the warm tanks,
minimum counts were slightly lower (1.42 and 1.19 x10° cells mL™") than in the cold
mesocosms (1.7 and 1.67 x10° cells mL™). In contrast to cold temperatures, particle-attached
bacteria in the warm tanks were in the same range as in the NA-fraction. In the cold

mesocosms, however, PA bacteria were almost constantly higher than not-attached cells.
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The share of PA bacteria in the total bacterial secondary production rates mirrored the
dynamics of PA cell counts only in the cold tanks where percentages of PA thymidine
incorporation continuously increased and peaked at the same time as particle-attached cell
abundance (Fig.1D). At warm temperatures, the increase in relative PA production occurred
slightly later. The relative contribution of PA bacteria to total bacterial production reached

maxima of 33.9 and 39.7% in warm (parallels I and II) and 27.8 and 21.3%, in cold tanks..

CARD-FISH results

For a quantitative assessment of the bacterial community composition by CARD-FISH, we
chose three points of the overall phytoplankton development (middle of the exponential
phase, peak of bloom, end of degradation phase) and analysed the samples from each parallel
and temperature treatment taken at this point. Thus, bacterial communities from the same
stage of the algal bloom were compared with each other. Since the bloom developed

differently at both temperatures, this resulted in different dates of analysis for each tank.

The percentage (% DAPI) of NA cells hybridised with the probe EUB338 ranged from
57.4 to 65.1% (average of 61.3%) in warm and from 56.2 to 62.3% (average of 59.3%) in cold
tanks, respectively. In the PA fraction, EUB positive cells reached average values of 72.3%
DAPI at warm and 73.4% DAPI at cold temperatures (data not shown). In the NA fraction, -
Proteobacteria were most abundant with maxima of 9.3 (P2, t;) and 11.5 % DAPI (P1, t,) at
warm and cold temperatures, respectively (Fig.2A). At all three cardinal points, counts for a-
Proteobacteria were higher in cold tanks. B-Proteobacteria revealed lowest group-specific
counts with maxima of 4.0 (P1) and 4.6 %DAPI (P2), both at t; (Fig.2B). The counts of y-
Proteobacteria were characterized by a high variability between the two parallels at cold
temperatures, but showed higher % DAPI in cold treatments at average (Fig.2C). At both
temperatures, proportions of Bacteroidetes revealed an increase with the progressing algal
bloom, which was more pronounced in warm tanks where 14.79 (P1) and 12.09 % DAPI (P2)
were reached at t; (Fig.2A, D).

In the PA fraction, Bacteroidetes dominated the community, reaching maxima of 50.0
(P2, t) and 41.4 %DAPI (P1, t3) at cold and warm temperatures respectively (Fig.2H).
Lowest counts were again found for B-Profeobacteria with maxima of 3.2 % DAPI (P2, t3) in
warm and 5.9 %DAPI (P1, t;) in cold tanks (Fig.2F). Unlike in the NA fraction, PA a-
Proteobacteria ranged within similar percentages at both temperatures most of the time

(Fig.2E). Cell counts of y-Proteobacteria revealed a trend of higher percentages in cold tanks
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at all cardinal points except for P2 at t;, reaching early maxima of 13.6 (P2, t;) at warm and

17.3 % DAPI (P1, t;) at cold temperatures (Fig.2G).
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trend that was more pronounced at cold temperatures (Fig. 2E). The dynamics for -and -
Proteobacteria differed with temperature, reaching a minimum at the peak of the bloom and
increasing again afterwards in the warm tanks, but declined in the cold treatments over the
algal bloom (Fig.2 F, G). Bacteroidetes counts reached a maximum at the peak of the bloom
and decreased afterwards at warm, but showed an ongoing increase at cold temperatures

(Fig.2H).

Not-attached a- and y-Proteobacteria showed the same average dynamics at both
temperatures, revealing maximum values at the peak of the bloom and decreasing towards the
degradation phase (Fig.2A, C). Counts of NA B-Proteobacteria differed with temperature,
showing similar dynamics as in the PA community (Fig.2B). Average proportions of
Bacteroidetes increased over the course of the phytoplankton bloom at both temperatures, a

trend that was more pronounced in warm treatments (Fig.2D).

DGGE fingerprints, phylogenetic affiliation and cluster analysis

As for the CARD-FISH analysis, we chose several points of the overall algal development
(start of the bloom, middle of the exponential phase, peak of bloom, middle and end of
degradation phase) at which samples from each parallel and temperature treatment were taken
and analysed. Since the algal blooms lasted longer at cold temperatures, two points were
analysed during exponential and degradation phase instead of one in the warm treatments.
With the applied primer set specific for Bacteria, the fingerprint of the NA fraction

(Fig. 3A) revealed between 16 and 20 at A +6 °C and between 14 and 21 different bands at A
0 °C. For the PA fraction, 12 to 20 bands were detected in the warm and 11 to 20 in the cold
treatments (Fig. 3B). Though there were variations in intensity, several bands persisted
throughout the entire algal bloom in both fractions, and most bands occurred at some point of

time during the experiment regardless of fraction and temperature.

For identification of dominant ribotypes, 9 bands from the PA and 12 bands from the
NA fraction were excised from the DGGE gels and sequenced (marked by arrows in Fig.3).
The results revealed a strong bias of chloroplast 16S rRNA gene fragments (Tab.1). In the PA
fingerprint, four bands were assigned to diatoms (AS06-1PA/-10PA; AS06-2PA; AS06-5PA).
Two chloroplast-derived bands (AS06-12NA, AS06-19NA ) were detected in the NA
fingerprint and two ribotypes (AS06-20NA, AS06-24NA) could be assigned to

Prymnesiophyceae.
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In the PA fraction, almost all bacteria-derived ribotypes were assigned to the
Bacteroidetes-phylum (AS06-6PA, AS06-8PA, AS06-9PA, AS06-4PA affiliated with
Flexibacter litoralis). Only one band (AS06-7PA) was related to the B-proteobacteria. The
ribotypes AS06-4PA and AS06-9PA (Fig.4B) were present at warm and cold temperatures,
albeit not over the entire algal bloom. At both treatments and parallels, the bands AS06-6PA
and AS06-18PA persisted at each point of sampling. The band AS06-7PA which affiliated
with Hydrogenophaga pseudoflava (similarity 96%) and could only be detected at cold
temperatures, appeared during the degradation phase of the algal bloom. No band solely
present at warm temperatures was found.

Within the NA fingerprint, two ribotypes (AS06-15NA; AS06-16NA) were affiliated
with the Bacteroidetes phylum; AS06-22NA was closest related to the same uncultured B-
proteobacteria isolate as AS06-7PA from the PA fraction. Comparison of the sequences of
AS06-NA21 and AS06-7PA using BLAST showed 100% similarity, suggesting that both

ribotypes are identical.

Most of the bacterial-derived NA ribotypes were identified as a-Proteobacteria, with
AS06-14NA/-23NA and AS06-18NA belonging to the Roseobacter clade affiliated RCA-
cluster (Selje et al. 2004). The number of persistent bands of bacterial origin was higher in the
NA than in the PA fraction (Fig.4 A). The bands AS06-14NA, AS06-15NA, AS06-21NA,
AS06-23NA and AS06-22NA occurred at both temperature treatments and over the entire
phytoplankton bloom. The NA bacterial community did not exhibit any bands solely present

at warm or cold temperatures.

To back up the assumption that same band positions represent same ribotypes, we did
a spot check by sequencing. For each fraction, one band which was present at the same gel
position at both temperatures was randomly selected (AS06-23NA, AS06-14NA, AS06-6PA,
AS06-8PA), excised and sequenced. In the NA-fraction, both bands were affiliated with the
uncultured clone RCA 11-5 of the RCA-cluster. In the Pa-fraction, both ribotypes were

similar to the same uncultured Bacteroidetes-bacterium.
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Though we did detect cells of the subclass y-Proteobacteria by CARD-FISH among the
particle-attached as well as the not-attached bacterial assemblages, we found no affiliated

sequences in neither the PA- nor in the NA-fraction.

Comparison of banding patterns, excluding the bands derived from chloroplasts, by
cluster analysis revealed marked differences between the not associated and particle-
associated fraction, suggesting a different structure of the two communities (Fig.4). From the
two subclusters that formed within the NA cluster, one solely contained samples taken at cold
temperatures. The second one, however, was formed of samples from both temperatures with
even one branch containing banding patterns originating from cold and warm treatments. In
contrast, the two marked subclusters within the PA-cluster included only samples from one
temperature treatment, except for the two earliest samples from the cold treatments (temp.

0°C, parallel I and II, day 9) which fell into the ‘warm’ subcluster.
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Discussion

The experimental design we used allowed us to successfully induce and analyse a
phytoplankton bloom as well as the parallel developing bacterial community under early
spring conditions in all four mesocosms. Though mainly the tanks of the warm treatment
notedly varied in temperature, probably due to the mode of function of the climatic chambers,
we were able to simulate a temperature gradient within the range predicted by the IPCC
(Houghton & others 2001). Aside from the chl a concentration, the temporal dynamics of the
dominating Skeletonema costatum (data not shown) were the only parameters affected by the
temperature differences between the parallel tanks (Fig.1B, Fig.2A and B). Numbers of the
most abundant diatom and flagellate species (Fig.2A and B) did not show a time lag in bloom
development between the two parallels of the same temperature, and neither did TBN
(Fig.1C). This indicates that the development of the dominating algal species Skeletonema
costatum was affected by the temperature variations between parallels (Fig. 1 A), which was
in turn mirrored by fluorescence measurements of chl a. Since phytoplankton composition
was very similar in the A 0°C and the A +6°C treatment (Fig.2), potential variations of the
BCC between temperature treatments did not result from different phytoplankton
communities, an effect that already was observed by Grossart et al. (Grossart et al. 2005).
Considering these results, we assume similar algal-derived conditions for the development of

the bacterial communities at both temperature extremes.

The bacterial community structure in general as well as the differences between NA
and PA assemblages we found by CARD-FISH and DGGE analyses (Fig.3, 4) are supported
by the findings from several other studies (DeLong et al. 1993, Bidle & Fletcher 1995,
Acinas et al. 1999). Bacteroidetes, acknowledged participants in the break-down of complex
polymers (Reichenbach 1992, Kirchman 2002), are known to dominate the PA (DeLong et al.
1993, Bidle & Azam 2001, Moeseneder et al. 2001), whereas o- and y-Proteobacteria
typically prevail in the NA fraction (Bockelmann et al. 2000, Bouvier & del Giorgio 2002,
Simon & Tilzer 2002, Selje & Simon 2003, Castle & Kirchman 2004). These findings were
supported by our sequencing results and those of several other authors (Riemann et al. 2000,
DeLong et al. 1993, Acinas et al. 1999, Crump et al. 1999, Selje et al. 2004). The lack of
DGGE-ribotypes affiliated to y-Proteobacteria, despite respective CARD-FISH signals in
both bacterial fractions, is a phenomenon which has already been encountered and elaborately

discussed by several authors (Selje & Simon 2003, Castle & Kirchman 2004).
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Regarding these general findings we are confident that our experimental design provided 1)
suitable conditions as natural as possible to analyse the changes within basic functions and
principals of the coupling between algae and bacteria at elevated temperatures and 2) resulted
in a bacterial community that was not artificial but showed the expected structure on the

group as well as the species level.

General algae-bacteria dynamics

Quantitative data from chl a concentration and bacterial cell counts revealed the well-known
coupling between the development of phyto- and bacterioplankton dynamics at both warm
and cold treatments (Fig.2B, C, D). The first peak of TBN most likely mirrored the increase
of algal exudates during the exponential phase of phytoplankton growth e.g., an effect also
described by other authors (Bell & Kuparinen 1984, Karner et al. 1992). The second increase
in TBN as well as the growing numbers of PA bacterial numbers were most probably a result
of the breakdown of the algal bloom (Pedros-Alio & Brock 1983, Simon 1987) that occurred
after depletion in inorganic nutrients. Particle-associated bacteria are known for their
relevance in the collapse of phytoplankton blooms by degrading organic material (Hoppe et
al. 1993, Middelboe et al. 1995 , Becquevort et al. 1998), which in turn is again available for
use by the NA bacterial community. The increasing PA bacterial secondary production over
the progressing bloom, especially at cold temperatures, substantiates the assumption of direct
bacterial utilisation of algal produced organic matter and therefore a close functional coupling
of phyto- and bacterioplankton in our experiment. Furthermore our CARD-FISH results
showed that not only abundance but also the proportions of bacterial subgroups changed with
the progressing algal bloom in both fractions (Fig. 4). Especially the counts of NA
Bacteroidetes markedly increased with the duration of the bloom (Alderkamp et al. 2006,
Rink et al. 2007), indicating that during growth and degradation phase of the phytoplankton
blooms complex and polymeric DOC was released which can be utilized by members of the
Bacteroidetes due to their reported capability to hydrolyze polymers (Kirchman 2002, Bauer
et al. 2006).

In contrast to other studies (Riemann & Winding 2001, Schifer et al. 2001, Pinhassi et
al. 2004), our genetic fingerprint analysis did not suggest qualitative shifts in neither the NA
nor the PA fraction with progress of the algal bloom. This could point to either a rather
uniform substrate background throughout the algal bloom or indicate that the universal

bacterial primer set was not specific enough to ensure the amplification of species that were
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subject to shifts caused by the progress of the phytoplankton bloom. Rink et al. (Rink et al.
2007) examined the effects of a phytoplankton bloom on bacterial communities in a coastal
ecosystem and found only weak shifts with the universal Bacteria-targeted primer set but
were able to show clear changes with the more specific primer sets targeting Roseobacter and
Bacteroidetes. 1t is therefore likely that the bacterial communities in our tanks underwent
compositional changes during the phytoplankton blooms which were not detected by the

primer set we used.

Temperature influence on the bacterial community composition

The effect of ambient temperature on the BCC has been analysed in several in situ studies, yet
their results do not suggest a discernable impact of ambient temperature on the bacterial
community structure (Schauer et al. 2003, Zwisler et al. 2003, Henriques et al. 2006). In
contrast to those studies which referred exclusively to the not-attached bacterial fraction, our
analyses go beyond those mentioned above. We not only included the particle-attached
community in our study, but also propose that ambient temperatures actually do influence the
BCC in our mesocosms, apparently affecting the NA and PA bacterial community to different

extents.

On a group-specific level, shifts within the BCC in our mesocosms were restricted to
certain bacterial groups. Comparison of our CARD-FISH results from the two temperatures
indicated that differences which applied to all tested points of time were limited to PA and
NA Bacteroidetes as well as NA a-Proteobacteria, suggesting that temperature had an effect
on these two bacterial subgroups. The remaining variations in both NA and PA fraction were
mainly found at the peak of the algal bloom (t;) and always limited to two of the three tested
points of time. Though we are not able to exclude temperature as a directly determining factor
in these cases altogether, we assume that differences applying all tested stages of the bloom
could also point to other sources of influence, for example affects mediated by algal-
dependent organic matter supply. It has been shown in several studies that alterations in DOC
supply during the course of an algal bloom result in shifts within the bacterial community
composition (Fandino et al. 2001, Yager et al. 2001, Larsen et al. 2004). Moreover, organic
matter released by phytoplankton and resulting from algal degradation might qualitatively
vary with temperature, resulting in distinct quantitative developments in certain bacterial
subgroups due to different organic resources (Wohlers et al., unpublished). Temperature

therefore might have affected the bacterial community composition indirectly.
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We are aware that we missed members of e.g. 6-, e-Proteobacteria and Actinobacteria in our
CARD-FISH analysis, which most likely is the main reason that not even half of the detected
NA Bacteria could be assigned to the groups we were targeting. Since PA bacterial activity
increased over the course of the algal blooms (Fig. 2D), most likely due to enhanced
degradation of organic matter, PA cells probably were more active and bigger and than those
in the surrounding water (Grossart & Simon 1998, Zwisler et al. 2003, Grossart et al. 2007).
This might have resulted in a general underestimation of less active and smaller NA cells, the
high sensitivity of the CARD-FISH method notwithstanding. Still, the proportions of
EUB338 positive cells of our studies go along with the finding of other authors (Alonso-Saez
et al. 2007, Rink et al. 2006, unpublished), which makes us confident that our CARD-FISH

hybridisation efficiency yielded reliable results.

Though the visual impression of our genetic fingerprints indicated a rather uniform
BCC for both fractions, temperature-dependent comparison of our DGGE data using cluster
analysis revealed temperature-linked clustering of different extent in the two fractions we
analysed (Fig.4, SA, B). Within the three subclusters of the NA assemblage, the groupings
that formed hinted that unique bacterial communities developed at particular temperatures.
Still, the similarity between the BCCs from the first parallels of coldest and warmest
treatments did not suggest distinct temperature-related differences. Though our CARD-FISH
results imply shifts within the composition of the NA fraction between temperature

treatments, we found merely a weak respective signal on the species level.

In contrast, with the exception of only two samples, both originating from the algal
bloom onset when differences between treatments apparently were not as pronounced yet, the
PA bacterial fraction exhibited a clear splitting into two temperature-linked subclusters,
confirmed by the finding of the only prominent temperature-specific ribotype found in the PA
fraction. The PA band AS06-7PA, which was affiliated with the B-Proteobacteria, only
occurred at cold temperatures. The closest cultivated relative of AS06-7PA was
Hydrogenophaga pseudoflava (sim.: 96%), a freshwater B-Proteobacterium which has been
found from temperate to Antarctic regions (Rutter & Nedwell 1994), though it shows a range
of optimum temperature from about 2 to 27°C (Reay et al. 1999). It is known that [3-
Proteobacteria are part of the PA bacterial community in brackish and fresh water systems
(Selje & Simon 2003, Bockelmann et al. 2000 ), contributing to the decomposition and release
of aggregate-bound amino acids (Schweitzer et al. 2001) which might explain why AS06-7PA
only appeared after the algal peaks and increased in intensity during the late bloom (Fig.4B).
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In contrast to that, the NA phylotype (AS06-NA21) also affiliated with Hydrogenophaga
pseudoflava (sim.: 96%) occurred at both temperatures (Fig.4A), indicating the active
presence of this B-Proteobacterium -related ribotype in both fractions , which apparently was

only affected by temperature in its degrading function of organic particles.

The stimulating effect of rising temperature on the activity of bacteria is well
documented (Pomeroy & Wiebe 2001, Kirchman et al. 2005, Lépez-Urrutia & Morana 2007).
To determine whether these alterations in bacterial activity are accompanied by changes in the
structure of bacterial assemblages, we set out to analyse the bacterial community composition
during phytoplankton spring blooms at two different temperatures. We were able to show that
rising temperatures directly affected the bacterial community composition in our mesocosms.
Despite several dominating bands persisting throughout the entire experiment irrespective of
fraction and treatment, DGGE fingerprinting revealed two clearly temperature-linked PA
bacterial communities. Furthermore, CARD-FISH analysis, though only carried out for the
major groups a-, B- and y-Proteobacteria as well as Bacteroidetes, exhibited quantitative
temperature-related differences for some of the tested groups. These findings support our over
all results which suggest that already an increase of 6°C in temperature does have an
influence on the present bacterial community, with the PA fraction apparently being more
affected than not-attached bacteria. Using more specific primers instead of a general
Eubacteria primer-set in future studies might achieve a higher resolution of genetic
fingerprinting and therefore grant a more detailed insight into the effect of rising temperatures

on the bacterial NA fraction also on a phylogenetic level.
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temperatures and different nutrient regimes

Abstract

Indoor bottle experiments were conducted to examine the combined effect of inorganic
nutrient concentrations and rising temperatures on the functional phytoplankton-bacteria
coupling as well as the bacterial community composition (BCC) during early spring bloom
conditions. In these experiments, axenic cultures of Skelefonema costatum were incubated in
aged seawater from the Baltic Sea at three different temperatures (4°C, 8°C and 12°C) und
exposed to two different nutrient regimes of N:P= 5 and N:P=30. During the course of the
induced bloom of Skeletonema costatum, bacterial production was assessed by *H-leucine
incorporation, the composition of the non-attached (NA) as well as the particle-attached (PA)
bacterial assemblage was examined by the PCR-based genetic fingerprint method
denaturating gradient gel electrophoresis (DGGE) as well as the catalyzed reporter deposition
fluorescence in situ hybridization (CARD-FISH) method. Several indications for synergy
between nutrient concentrations and temperature were found. The analysis of the bacterial
assemblage by cluster analysis of the genetic fingerprints pointed to a temperature effect on
the bacterial community composition during the late stage of the algal bloom which was more
pronounced for PA bacteria and at higher N-concentrations. Furthermore, the sequencing of
excised prominent bands revealed the highest abundance of temperature-specific ribotypes in
the high-N PA-fraction. High-N leucine incorporation as a proxy for bacterial production was
markedly lower at coldest (maximum values of 2,6 x10° pM/h) compared to medium and
warm temperatures (maximum values of 7,1 and 5.3 x10° pM/h, respectively). This study
therefore not only substantiates the results of a previous experiment which pointed at a more
pronounced temperature effect on the PA than on the NA bacterial community composition
during the late stages of a phytoplankton bloom. It also suggests that an accurate assessment
of the influence of temperature on the functional coupling of phyto- and bacterioplankton in
the course of global warming requires taking synergetic effects between nutrient conditions

and temperature into consideration.
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Introduction

Within the marine biogeochemical carbon cycle, heterotrophic bacterial communities are the
main degraders and consumers of autotrophically derived particulate and dissolved organic
matter. Particle-attached heterotrophic bacteria are known to play a major role in the
degradation of complex organic compounds, breaking them down to readily consumable
dissolved organic matter which, along with other dissolved carbon sources such as algal
exudates, is utilized by the non-attached fraction of the heterotrophic bacterial community
(van Es & Meyer-Reil 1982, Kirchman 2002). Changes of the carbon-degrading and
consuming activity of the bacterial assemblage might therefore have major effects on the
marine carbon cycle. As a consequence, DOC might accumulate in the water column (Zweifel
et al. 1995, Thingstad et al. 1999, Carlson et al. 2002) and the effectiveness of the degradation
of organic matter, the quality of the resulting DOC and finally its bioavailability might be
affected as well (Carlson et al. 2004). This could in turn considerably influence the extent of
the 1) recycled carbon within the microbial loop (Azam et al. 1983), 2) refractory carbon
being transported to the ocean depth and 3) CO, released to the atmosphere (Azam 1993). The
microbial loop has enormous relevance for the function of the ocean as a carbon sink or
source. It is therefore of great importance to know whether and how changes in environmental
conditions affect the performance of the bacterial community in terms of activity and
composition, since both aspects affect the performance of bacteria as agents within the

microbial loop.

There are several environmental factors potentially influencing bacterial efficiency to
break down complex organic particles as well as utilize dissolved organic carbon. The
quantity and quality of the organic carbon itself, as well as ambient temperature and inorganic
nutrients have been studied in the past as 'bottom-up' factors controlling bacterial growth
(Pomeroy & Wiebe 2001, Baines & Pace 1991, Chrzanowski et al. 1995). Predation by
heterotrophic nanoflagellates or lysis by viruses are considered 'top-down' factors regulating
bacterial populations (Fuhrman & Noble 1995, Place & Cole 1996, Weinbauer & Hofle
1998). There is the notion that low temperatures limit bacterial production and activity; still
there are some studies from the extreme environments of the Antarctic costal waters which
suggest rapid growth of bacteria at temperatures <2° (Fuhrman & Azam 1980, Hanson et al.

1983), and some results indicate that surplus nutrients may override temperature limitation
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(Nedwell & Rutter 1994, Pomeroy et al. 1991). Still, results from temperate waters indicate a
close positive correlation between temperature and bacterial production and respiration (Felip

et al. 1996, Pomeroy & Wiebe 2001, Kirchman et al. 2005, Lopez-Urrutia et al. 2006).

Aside from temperature, nutrients are considered to potentially affect bacterial growth.
In several studies, the bioavailability of organic C and inorganic P was found to be a factor
controlling bacteria (Zweifel et al. 1993, Sala et al. 2002, Thingstad et al. 2005). In a study in
subarctic waters Kirchman (Kirchman 1990) found that organic N is highly stimulating
marine bacterial growth. Yet it has been shown that nutrients and temperature are factors that
have to be considered together to be able to describe their limiting effect on marine

heterotrophic bacteria (Nedwell & Rutter 1994, Reay et al. 1999, Pomeroy & Wiebe 2001).

Not only bacterial activity is influenced by organic substrates, inorganic nutrients and
temperature. Several studies could demonstrate that also the bacterial community composition
shows rather fast reactions to changes in the phytoplankton community structure (Pinhassi et
al. 2004, Abell & Bowman 2005, Grossart et al. 2005). These authors concluded that different
algae exude qualitatively different organic matter and therefore select for a distinct structure
within the bacterial community. Further results are in accordance with the notion that
bioavailability of organic substrate influences the structure of bacterial assemblages, but also
indicate that inorganic nutrients are of relevance as well when it comes to the bacterial
community composition (Hutchins et al. 2001, Pinhassi & Berman 2003) and that even the
seasonal variability of nutrient limitation has reasonable impact on structure and activity of

bacterial communities (Pinhassi et al. 20006).

There are contradicting results on the effect of temperature on the composition of
bacterial assemblages. While some authors were not able to associate structural changes in
bacterial communities with ambient temperature (Zwisler et al. 2003, Henriques et al. 2006)
or found rather stable communities over the year (Schauer et al. 2003), others could show that
some environmental factors including temperature significantly affected bacterial diversity
and community structure (Muylaert et al. 2002, Yannarell & Triplett 2004). Altogether these
findings indicate that the same environmental factors affecting heterotrophic bacterial activity
also influence the bacterial community composition. Our own results from a previous
mesocosm experiment indicated that the community composition of non-associated and
particle-attached bacteria during an algal spring bloom are affected to a different extent by
temperature shifts (Walther et al. in prep.): during P-limited early spring conditions

resembling those in the Kiel Fjord, we found that the particle-attached (PA) bacterial
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community exhibited detectable shifts when exposed to different temperature regimes which
were designed to simulate the warming in the Baltic Sea due to climate change during winter
and spring (Houghton et al. 2001). The structure of the non-attached (NA) bacteria
assemblage, however, did only marginally respond to rising temperature. Regarding the
notion that inorganic nutrients do affect the bacterial community composition, and
considering the combined influence of temperatures and nutrients on bacterial growth, the
question arises whether these two factors also show a coupled effect on the structure of the
bacterial assemblage. Considering the fact that different oceanic regions differ with regard to
limiting primary nutrients and that nutrient conditions often tend to vary seasonally (Sala et al.
2002, Pinhassi et al. 2006), the effect of the ocean warming on bacterial communities and the
carbon cycle may only be understood by considering both temperature and nutrient

conditions.

We approached this question by setting up an indoor bottle experiment designed to
stimulate an algal bloom with a planktonic community consisting of phyto- and
bacterioplankton. Exposing the bottles to a temperature gradient as well as different nutrient
conditions, we aimed to find out whether different limiting nutrient concentrations affected
possible temperature-associated shifts in the bacterial community composition (BCC). The
molecular techniques CARD-FISH, DGGE-fingerprinting and sequencing of excised bands
were applied to screen the bacterial assemblage for structural changes on the group and
phylogenetic level. To be able to match the results from our community analysis with the

respective bacterial activity, bacterial production was assessed using leucine incorporation.
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Materials and Methods

Experimental design and sampling

Bottle experiments were set up to stimulate an algal bloom under different temperature and
nutrient conditions in climate chambers. Temperatures were set at 4, 8 and 12°C, and three
replicates for each nutrient regime (N:P=5, N:P=30) were installed in each climatic chamber.
Water from 10 m depth was collected from Boknis Eck close to the mouth of Kiel Fjord and
allowed to age in the dark for several weeks to remove as much residual organic carbon as
possible. Subsequently, 24 L of water were filtered over GF/F filters (Whatman) and 0.45 pum
cellulose nitrate filters (Sartorius) to remove large particles as well as heterotrophic
nanoflagellates, and finally filled into transparent Nalgene bottles (Nalgene, Rochester, USA).
The remaining bacterial population was used as inoculum for the experiment. From a pure
axenic culture of Skeletonema costatum (strain CCMP 1332) in exponential growth, 300 mL
were added to a final concentration of ~700 cells mL™'. Nitrogen and phosphorus
concentrations were adjusted to the above mentioned ratios and silicate was added to ensure
growth of the diatom Skeletonema costatum (final concentrations see Tab. 1). All bottles
were exposed to the same light regime of a day-night-cycle of 12:12 hours. Light increased
for six hours from ~155 to ~388 pmol photons m™ s and was reduced again down to ~155
umol photons m™ s™ during the following six hours. Before each sampling, water was mixed
by consecutively applying a magnetic stirrer in each bottle. Since sampled water was not
replaced in order to avoid disturbance of the nutrient conditions and dilution of the initial
water body, sampling volume and frequency was limited as much as possible. This resulted in
14 samplings at the warmest and 15 at the two colder temperatures. At each sampling, 1.5 L
of water were decanted into clean glass bottles from which samples for the parameters
described below were taken. Including the water sampled for chl @ measurements (see below),
total volumes of 21.2 L (12°C) and 22.72 (8°C, 12°C) were taken from the original

experimental water body.

Tab. 1: Average final nutrient concentrations [pumol] after nutrient addition at the start of the
experiment in 1) original aged sea water, 2) high N-concentrations and 3) low N-concentrations

nitrate ammonium | phosphate | silicate
sea water (aged) 5.8 1.9 0.3 5.9
high N-concentrations | 23.8 + 1.7 1.7£0.1 0.87+0.06 | 43.8+0.4
low N-concentrations 54+0.7 1.7+0.1 0.87+0.06 | 43.8+0.4
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Nutrients and chlorophyll a concentration

For the assessment of ammonium (Holmes et al. 1999), unfiltered water samples were used.
Nitrate, nitrite and phosphate were determined after Hansen and Koroleff (Hansen & Koroleff
1999) after water samples had been prefiltrated through 0.65 cellulose acetate filters. All

measurements were done on the day of sampling.

Water samples of 5-10 mL were taken from each treatment and dark adapted for 10
minutes for a rapid analysis of chl a dynamics by measuring the relative fluorescence with a
PhytoPAM device (Walz, Germany), equipped with an optical unit ED-101US/MP. This was
necessary for a realtime survey of the algal development in order to determine crucial stages

of the algal bloom at which sampling for bacterial parameters was of paramount importance.

Enumeration of bacteria

Non-attached (NA) Bacteria were counted with a flow cytometer. 4 ml of a sample were
incubated with 400 pl paraformaldehyde (1 % final concentration)/ glutaraldehyde (0.05 %
final concentration) in the dark for one hour at 5°C. After fixation, the samples were frozen in
liquid nitrogen and stored at -80°C. Heterotrophic bacteria were stained with SYBR Green
(2.5 uM final concentration, Molecular Probes) for at least 30 minutes in the dark. Cells were
counted using a Becton&Dickinson FACScalibur equipped with a laser emitting at 488 nm at
a constant flow rate (35 pl / min). Yellow-green latex beads (0.5 um, Polysciences) were used
as an internal standard. Bacteria were detected by their signature in a plot of side scatter

(SSC) versus green fluorescence (FL1).

For the enumeration of particle-attached (PA) bacteria, 100 mL from each water
sample were fixed with glutardialdehyde (EM grade, 1% final concentration) and stored at
4°C until further processing. Numbers of particle-attached bacteria were assessed after
filtration of 6 mL of pretreated water over black 3.0 pm polycarbonate filters. Cells were
stained with DAPI (4’-6-diamidino-2-phenylindole) and counted under an epifluorescence
microscope (Axioskop plus, Zeiss, Germany) at 1000x magnification. In a minimum of 15
view fields, between 600 and 850 bacterial cells were enumerated on average, a guideline that
could not always be met at early stages of the bloom when the occurrence of particles was

very low.
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Bacterial production

Bacterial secondary production measurements were conducted following the slightly altered
protocol of Simon & Azam (1989); water was not pre-filtrated, the extraction was done with
ice cold TCA without the washing step and filters were added directly to the scintillation
solution. Three aliquots (2 replicates and one blank) of 10 ml of water were each incubated
with 50ul of a 0.1uCi/10ul H-leucine solution (specific activity: 77uCi/nmol) plus 50ul of a
2nmol/100u] unmarked leucine solution, resulting in a saturating concentration of 106,49
nmol/L of leucine in the sample. All samples were incubated in the respective climate
chambers at in situ temperature in the dark for 1.5-3 hours. Incubation was terminated by the
addition of formaldehyde (1% v/v) and cells filtered onto 0.2pum polycarbonate filters. The
filters were subsequently rinsed with ice cold 5% TCA (trichloro acetic acid) solution, before
being radio-assayed in 4ml of scintillation cocktail (Lumagel Plus) using a Packard Tricarb

counter.

Filtration, isolation and PCR amplification of nucleic acids

Immediately after sampling, 500 to 600 ml water were filtrated onto two differently pore-
sized polycarbonate filters (diameter 47mm, Osmonics, MN, USA). To distinguish between
particle-attached and non-attached bacterial assemblages, seawater was fractionated by
filtration onto 3.0 um and subsequently onto 0.2 um polycarbonate filters. The filters were
shock-frozen in liquid nitrogen and stored at -20°C until further processing. Isolation of
nucleic acids was performed by a pH-sensitive, phenol-chloroform extraction to obtain DNA
as well as RNA (Sl et al. 2006). However, only RNA samples were processed further by
first being transcribed into cDNA by an RT-step, using iScript TM Select and the included
protocol (Bio-Rad, Munich, Germany ; primer 1492r, (Lane 1991)), and subsequently used as
template for DGGE-PCR.

PCR was performed with a Bio-Rad my-cycler (Bio-Rad, Munich, Germany), using primer
pairs specific for Bacteria 358fGC (Muyzer et al. 1993), and 907rM (Muyzer & Smalla
1998). Amplification of Bacteria-specific 16S rcDNA gene fragments was performed using a
touchdown program with decreasing annealing temperatures from 65 to 55°C (2 cycles per
step) and subsequent 16 standard cycles. 1 pl (1 to10 ng) of extracted DNA served as
template. For quantification of the PCR-products, 4 ul of the amplification products, along
with a quantitative ladder (1kB, Eppendorf), were analyzed by electrophoresis in 1,2% (w/v)
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agarose gels. The gels were stained with ethidium bromide and visualized under UV-light

(Gel Doc XR, Bio-Rad, Munich Germany).

DGGE and phylogenetic affiliation

DGGE was performed with the Ingeny Phor-U system (Ingeny, Goes, Netherlands), using the
protocol described by Brinkhoff & Muyzer (Brinkhoff & Muyzer 1997), except for the
applied denaturating gradient of the gel which was 20-70% . After electrophoresis, the gels
were stained with SYBR Gold (Molecular Probes, Inc.) and documented using the Gel Doc
XR system (Bio-Rad, Munich, Germany). Prominent bands were excised and transferred to
sterile Eppendorf caps using an ethanol-sterilized scalpel. Fifty ul of water (molecular grade,
Eppendorf, Germany) were added, samples were incubated at 4°C overnight for resuspension

of cDNA and finally stored at —20°C.

The banding patterns and relative quantity of bands were analyzed using the software Gel
Compar II, version 2.5 (Applied Maths, Kortrijk, Belgium). Cluster analysis in order to
compare banding patterns was done band based on presence-absence data with the binary
Dice coefficient for similarity measurement of bands and the dendogram type UPGMA
(Unweighted Pair group Method using Arithmetic averages). The normalization to the same

standard of both the NA and PA gels allowed a joint cluster analysis of both assemblages.

Excised bands (nomenclature AS07-NA/PAxy z for AQUASHIFT 2007, non-
attached or particle-attached) were sequenced by JenaGene (Jena, Germany) using the primer
pair 358f and 907rM. For all sequences, at least 350 bp were analysed with the software
SeqMan (DNASTAR, Wisconsin USA). Phylogenetic affiliation was determined by using the

BLAST function of the NCBI server (http://www.ncbi.nlm.nih.gov) to perform comparison

with the data available in GenBank, where the sequences obtained in this study are filed under

the accession numbers EU068005 — EU068025.
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CARD-FISH analysis

After fixation with glutardialdehyde (4% w/v) for one hour, 40 ml water were filtrated onto
3.0 um and subsequently onto 0.2 um polycarbonate filters (diameter 47mm, Osmonics, MN,
USA) to distinguish between particle-attached and non-attached bacterial assemblages. Until
further processing, filters were stored in the dark at -80°C. CARD (catalysed reporter
deposition)-FISH was performed according to Sekar and co-workers (2003) with the
following modifications: After the agarose treatment, filter snips were dried with the surface
upward on object slides and covered with 96% ethanol before being peeled off again.
Permeabilisation, hybridisation and the actual CARD (Grote et al. 2007) were performed in
1.5 ml reaction tubes (Eppendorf), containing six filter snips at most per step. For
characterization of the bacterial community, the following horseradish peroxidase probes
(Biomers.net, Ulm, Germany) were applied: EUB 338-I-1II (targeting most Eubacteria,
(Amann et al. 1990, Daims et al. 1999), ALF968 (targeting most a-proteobacteria, (Neef et
al. 1999), BET (targeting most B-proteobacteria, Manz et al. 1992), GAM42a (targeting most
v-proteobacteria, Manz et al. 1992), CF319 (targeting many groups belonging to the
Bacteroidetes group, Manz et al. 1996). The EUB antisense probe NON338 (Wallner et al.
1993) served as a negative control. After hybridization and CARD, filter snips were
counterstained with Vectashield-mounting solution with DAPI (1 ug mL™"). Enumeration of
DAPI-positive cells (between 500 and 1.000) and hybridisation signals were counted in a
minimum of 15 fields (1000x magnification), using epifluorescence microscopy (Axioskop,

Zeiss, Germany).
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Results

Nutrient, algal and bacterial dynamics
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Fig.1: The dynamics of the nutrient concentrations during
course of experiment. Nitrate (A); ammonium (B), silicate
(C) and phosphate (D) concentrations are given for each

temperature treatment and parallel; dark symbols

representing high N, open symbols standing for low N

concentrations.

In all temperature and nutrient
treatments, measurements of chl a
revealed the progression of distinct algal
blooms. With the exception of the first
bottle of the high-N treatment at +8°C,
which showed a distinct diversion from
the other two replicates, phytoplankton
seemed to develop strikingly parallel in
all three replicates of all treatments
(Fig.2). However, phytoplankton growth
and peak formation was more
pronounced at higher N-concentrations at
all temperatures. In the +12°C
treatments, chl ¢ measurements reached
maximum values from 12.9 to 16.2 at
high and from 3.9 to 4.3 at low N-
concentrations. With maximum
measurements ranging from 11.2 to 20.5
(high-N conditions) and from 3.8 to 6.5
(low-N conditions), as well as from 20.2
to 24.3 (high-N conditions) and from 4.3
to 5.6 (low-N conditions), a similar trend
was obtained for temperatures +8°C and
4°C, respectively. Furthermore, the peak
of the phytoplankton bloom occurred
later with decreasing temperatures at
both nutrient concentrations. However,
this development was more pronounced
in the high-N treatments, were maximum

chl a concentrations were reached on
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Fig.2: Chlorophyll a concentration for both parallels during
course of experiment for all three temperature treatments
+12°C (A), +8°C (B) and +4°C (C). Plotted are
concentrations measured by PhytoPAM for all three
replicates at high N (black) and low N concentrations
(open symbols).

days 19-20 (+12°C), 26-28 (+8°C) and
31-32 (+4°C; Fig. 1 A-C), displaying a
time lag of almost one week between
warmest and medium, and of five days
between medium and coldest treatments.
This trend is in accordance with the
nutrient dynamics, which showed a
temperature-associated decline of nitrate,
ammonium, phosphorus and silicate
concentrations at both nutrient treatments,
with the decrease of ammonium revealing

the weakest link to temperature.

Additionally, our analysis revealed
increasing chl a values with declining
temperatures at high N concentrations
(Fig.2), where concentrations of chl a
revealed an average maximum of 14.2,
19.9 and 22.9 pg L' at 4,8 and 12°C,
respectively (Fig.2). Algal dynamics in
the low N treatments, however, exhibited
similar chl a concentrations at all
temperatures (4.14, 4.9 and 4.9 ug L™ at
4, 8 and 12°C).
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Fig.3: Counts for NA (curves) and PA (bars) bacterial
numbers during the course of the experiment. Shown are
the data for one representative replicate (exemplary for
the general progress of quantitative bacterial
development) for each temperature treatment [12°C (A),
8°C (B) and 4°C (C)] and N concentration. The time
period of the phytoplankton peaks are given as framed
areas for each nutrient treatment.

In the high N treatments, numbers of non-
attached bacteria showed a peak during the
exponential phase of the phytoplankton
bloom at all temperatures (Fig.3 A-C). At
low N concentrations, the bacterial and
algal peak coincided only in the 12°C and
the 4°C treatments. At 8°C, the bacterial
maximum preceded that of phytoplankton
by several days (Fig.3 B). As with chl a,
highest NA bacterial numbers were found at
coldest temperatures where they reached 5.5
x 10° cells mL™ at high and low N
concentrations, albeit at different points of
time (Fig.3 C). At 8 and 12°C, NA bacterial
numbers declined sharply after their first
peak at both N concentrations and increased
again during the late stage of the experiment
at high-N conditions, whereas low-N NA-
bacterial numbers recovered only
fractionally. In the coldest treatments
however, high-N counts of non-attached
bacteria increased steadily over time,
reaching their maximum shortly before the
algal maximum (Fig.3 C). Low-N NA-
bacterial numbers did show the same
breakdown as at warmer temperatures, but
did not recover again during the sampling

period.

In all temperature and nutrient treatments, numbers of PA bacteria increased after

initial sampling at the beginning of the phytoplankton bloom and remained high during the

progress of the algal development, though some fluctuations appeared during the late state of

the phytoplankton bloom in the counts for low N-concentrations at 12°C and the high-N

treatment at 4°C (Fig.3 A and C). PA bacterial counts were highest at 8°C and 4°C in both

high and low-N treatments, reaching maximum values of 1.27 and 1.36 x 10° cells mL™', and
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1.19 and 1.63 x 10° cells mL™, respectively. For both nutrient approaches, PA bacterial
numbers were lowest over all at highest temperatures with maxima of 0.97 x 10° cells mL™ in

high-N and 1.23 x 10° cells mL™" in low-N treatments.

Bacterial production

Within the low-N treatments, bacterial production showed an initial increase in Leu-
incorporation up to 2.3 pM/h at warm temperatures, and levelled out at uptake rates between
0.3 as minimum and 2.2 pM/h as maximum values at all temperatures (Fig. 4 B). In none of
the low-N treatments, did the maximum of bacteria production coincide with the peaks in the

algal development .

In contrast, Leu-incorporation at high N concentrations appeared to be linked with
algal dynamics, reaching maximum values at the respective phytoplankton peaks, with only
one treatment at +8°C increasing even further after maximum chl a concentrations were
reached (Fig.4 A). Furthermore, bacterial production at high N-concentrations showed similar
incorporation rates at warmest and medium temperatures, but were markedly lower in the
coldest treatment, where uptake rates of leucine resembled those of the low-N treatments.

] algal blo

8

pM/h [x105]

Fig.4: Leucine incorporation for high
(A) and low (B) N concentrations.
Presented are incorporation rates for all
three parallels at the temperatures 12°C
(black), 8°C (grey) and 4°C (white).
Framed areas represent the peak of the
phytoplankton blooms at 12°C (dark
grey), 8°C (light grey) and 4°C (white).
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Bacterial community composition

Group specific structure

A complete CARD-FISH analysis of all selected points during the algal bloom from all
temperature treatments and both nutrient concentrations was not possible. In both fractions,
some samples could not be successfully hybridized, which was especially true for the probes
targeting a-Proteobacteria and the Bacteroidetes cluster in the non-attached fraction of the
bacterial community (Fig.5 A, E, D and H). From the results that were obtained from the
remaining samples, a-Proteobacteria still seemed to be the most abundant bacterial group
among the tested probes at all analysed temperatures and both nutrient treatments. Counts of
hybridisation signals reached up to 38.2% DAPI (high-N treatment) and 43% (low-N
treatment) at +12°C and 41.9% DAPI (high-N treatment) and 37.4% (low-N treatment) at
+8°C. For the +4°C treatment, no hybridisation signals could be obtained. Members of the
group B-Proteobacteria were least abundant at all temperatures and both nutrient
concentrations (Fig.5 B and F). Still, the B-Proteobacteria counts from t; obtained at coldest
temperatures and high N concentrations were notably higher than at +8 and +12°C and at low-
N conditions. Percentages of y-Proteobacteria ranged between 12.5 % DAPI (+4°C) and
0.7% (+12°C) at high, and from 18.3% DAPI (+4°C) and 1.7% (+8°C) at low N
concentrations (Fig. 5 C and G). Members of the group Bacteroidetes were only marginally
detectable in high-N treatments (one point of time for each temperature treatment), where
they increased in proportion with declining temperatures at both N. A similar trend, albeit not
as distinct, was found at low-N concentrations. An over-all analysis of any dynamics over the

course of the algal bloom was not possible due the insufficient amount of data.

In the PA fraction, hybridisation was more successful; only a few samples were not
suitable for analysis (Fig.6 A, E and B, F). In contrast to the NA fraction, a-Proteobacteria
were the least abundant group in both nutrient treatments, along with the B-Proteobacteria,
reaching similar proportions at all temperatures with maximum values of 5.3% DAPI (+8°C)
at high N and 8.3 (+8°C) at low N conditions. For both N-concentrations, y-Proteobacteria
were most abundant in the warmest treatments, though this trend was more pronounced at
high-N concentrations. Bacteroidetes revealed highest percentages in both nutrient treatments
of the PA fraction, reaching maximum proportions of 52.9 % (+4°C, high-N conditions) and
76.5% DAPI (4°C, low-N conditions) (Fig.6, D and H). Especially for the proportions of y-
Proteobacteria and Bacteroidetes, dynamic developments could be detected over the algal

bloom, which showed differing trends between temperature as well as nutrient treatments.
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Fig.5: CARD-FISH counts of bacterial groups a- (ALF), B- (BET), y-Proteobacteria (GAM) and Bacteroidetes
(CFB) for the NA bacterial community. Shown are percentages for high (A-D) and low N conditions (E-H).
Plotted is one selected parallel at three cardinal points of the algal bloom (t; = exponential phase, t, = peak, t;=
degradation phase). All values of single counting grids were included in calculation to display median values and
counting variability. Box-Whisker-plots show the 25"/75™ percentile (box), the mean (solid line) and the 5*/95™
percentile (whiskers).
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(CFB) for the PA bacterial community. Shown are percentages for high (A-D) and low N conditions (E-H).
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5"/95" percentile (whiskers).
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The Bacteroidetes cluster showed the most distinct dynamics within the PA fraction, with a
clear trend of decreasing counts from t; to t; at all temperatures in the high-N treatments. At
the extreme temperatures, proportions of Bacteroidetes declined from 59.4 to 29.2 % DAPI at
+12°C and from 52.9 to 27.9% DAPI at 4°C; the +8°C treatment exhibited a drop from 36.9
to 30.4 % DAPI. At low-N conditions, the decrease in Bacteroidetes counts was within the
same range at 12°C, but the two colder treatments showed growing proportions of with the
progress of the algal bloom. This development was clearest at +4°C with an increase from

initial percentages of 38.8% DAPI to 76.5% DAPI at t;.
Genetic fingerprints, cluster analysis and phylogenetic affiliation

Five points during the overall algal development were selected to take samples for the analysis of the
bacterial community on the species level. We chose bloom onset, middle of the exponential phase,
peak of bloom, middle and end of degradation phase as cardinal points for a bacterial genetic
fingerprinting of the NA and PA fraction from each temperature and nutrient concentration. The
mainly parallel development of algal and bacterial dynamics allowed us to choose one of the three
nutrient parallels at each temperature for DGGE analysis. Where the genetic fingerprints show less
than five lanes for a nutrient and temperature specific treatment (Fig.7 A, B and Fig.§8 A, B), PCR

amplification of the missing samples was not possible.

In the bacterial NA fraction at high-N conditions, the number of bands obtained by DGGE
varied between 7 and 10 at all temperatures (Fig.7 A). At low-N concentrations, the number of NA
ribotypes was higher in the +12°C and +4°C treatments than at +8°C, ranging between 9 and 14 bands
and decreasing from the middle towards the end of the algal bloom at both temperatures (Fig.7 B). In
both nutrient treatments, there were several bands prevailing at all temperatures (AS07-NA2 0, AS07-
NA6 0, ASO7-NA9 0 and ASO07-NA15_0 at high-N conditions as well as AS07-NA4 1, AS07-
NAS5 1 and ASO7-NAG6 1 at low N concentrations), whereas at high-N conditions, AS07-NA3a 0,
AS07-NA10 0 and ASO7-NA11 0, and the low-N band AS07-NA8 1 were only present at one
particular temperature. ASO07-NA8 1 could successfully be identified by sequencing and was found to
belong to the Bacteroidetes clade (Tab.1) with the closest cultivated relative being Fluviicola taffensis
(Tab.1, 92% sim.), a freshwater bacterium. Furthermore, changes in band intensity were observed over
the course of the algal bloom at all temperatures and nutrient concentrations. In the high N-treatments,
for instance, the ribotype ASO7-NA6_0 and its equivalents at the same gel position at other
temperatures increased in intensity, whereas AS07-NA2 0 grew less pronounced over the bloom
(Fig.7 A). At low N-concentrations, the bands ASO7-NA1 1 and -NA2 1 were only present before the
algal peak and only at the extreme temperatures; AS-NAS5 1 increased in intensity with the

progressing phytoplankton bloom at all temperatures.
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Fig.7: DGGE fingerprints of 16S rRNA based cDNA (eubacterial primers 358f GC and 907rM) for one parallel
of the non-attached [NA] bacterial fraction at high (A) and low (B) N concentrations for several points of time
over phytoplankton bloom at three temperature treatments (+12, +8 and +4°C). Numbers show day of sampling,
arrows mark excised and sequenced bands (see Tab.1 for band affiliations).
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Table 1: Phylogenetic affiliation, band Identification (band ID) of excised bands for the bacterial non-
attached [NA] and particle-attached [PA] fraction at all temperatures and low as well as high N concentrations.

Further given are closest (cultivated) relative with accession number, sequence similarity, taxon and habitat.
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Cluster analysis for the NA fraction revealed different patterns for both nutrient treatments

(Fig.8 A and B). At low-N conditions, no temperature linked grouping was evident; only the

samples from +8°C formed one self-contained cluster, whereas coldest and warmest

communities did not separate from each other. At high N concentrations, however, two main

clusters formed, within which the bacterial community from the coldest temperatures was
markedly different from those at the two warmer treatments. The only samples not sorting

into these clusters were taken at the two initial points of time from the +12°C treatment.
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The PA bacterial community exhibited a definite increase in number of bands in the high-
N treatments at coldest temperatures, a trend that was not detectable at low N conditions

(Fig.9 A and B).
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Fig.9: DGGE fingerprints of 16S rRNA based cDNA (eubacterial primers 358f GC and 907rM) for the
particle-attached [PA] bacterial fraction at high (A) and low (B) N concentrations for several points of
time over phytoplankton bloom at three temperature treatments (+12, +8 and +4°C). Numbers show
day of sampling, arrows mark excised and sequenced bands (see Tab.1 for band affiliations).
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As in the NA fraction, some detected ribotypes were constantly present, whereas others only
appeared in particular treatments. At high N concentrations, the bands AS07-PA1 2 and
AS07-PA4 2 were found at all three temperatures; ASO7-PA8 2, AS07-PA13 2 and AS07-
PA15 2 were detected only at +8°C, AS07-PA9 2 AS010-PA1 2 and AS07-PA11 2 were
solely present at coldest temperatures (Fig.9 A). From the temperature-specific PA ribotypes
in this nutrient treatment, one (AS07-PA13_2) could be successfully identified by sequencing
and was affiliated with the Bacteroidetes phylum (Tab.1). Its closest cultivated relative was
Flexibacter aggregans subsp catalaticus (NCIMB 1418; Tab.1, sim. 92%), which is also
referred to as Microscilla aggregans. In the Low-N treatments, the number of bands restricted
to one particular temperature declined markedly; only NA-PA11 4 merely appeared at +8°C.
On the other hand, AS07-PA1_4, AS07-PA3 4, AS07-PA6_4, AS07-PA7 4, AS07-PA7a 4,
AS07-PA12 4 and ASO7-PA13 4 were present at all temperatures at at least one point of
time during the algal bloom (Fig.9 B). According to these results, the PA bacterial fraction at
high-N conditions exhibited the most temperature-specific bands of all treatments, whereas it
showed the most uniform genetic fingerprint with seven omnipresent ribotypes at low N
concentrations. In contrast to the not-associated bacterial community, the PA fraction did not

show the same pronounced and rather stable trends of in- or decreasing band intensities.

Cluster analysis of the PA bacterial community revealed three distinct temperature
linked clusters at high-N conditions (Fig.10 A and B). As within the NA fraction, the samples
not falling into these groups were from the initial stages of the algal bloom. At low N
concentrations, clustering with regard to temperature was more pronounced than in the NA
fraction, but showed weaker similarity values than those from the high-N treatments. Again,
the samples not clustering temperature related were taken from the first stages of the phytoplankton

development.
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Discussion

The experimental set-up was sufficient to generate blooms of the diatom Skeletonema
costatum at three different temperatures and two nutrient regimes. The three parallel
treatments for each nutrient concentration revealed similar developments for nutrient,
phytoplankton and bacterial dynamics for the most part. This indicated that filtration and
distribution of water, inoculation of phytoplankton and nutrient manipulation resulted in
similar initial conditions and a resembling plankton standing stock for all treatments, and also
suggests that were no treatment effects over the course of the experiment. Growth of
Skeletonema costatum depended on the available N concentration, showing a more

pronounced bloom at high-N compared to low-N conditions.

As in a previous experiment (Walther et al. in prep.), the bacterial community
exhibited a composition already found in several other studies analysing bacterial
assemblages in marine and estuarine habitats (DeLong et al. 1993, Bidle & Fletcher 1995,
Acinas et al. 1999). Since the water used in this experiment was sampled from the brackish
environment at Boknis Eck, the presence of one ribotype affiliated with the freshwater
bacterium Fluviicola taffensis (Tab.1), though only found at +8°C, is consistent with the
assumption of a brackish bacterial community that developed in this study. Furthermore, our
CARD-FISH results showed that the PA fraction was dominated by members of the
Bacteroidetes group. This finding is consistent with the presence of these bacteria on various
kinds of particles (DeLong et al. 1993, Bidle & Azam 2001, Moeseneder et al. 2001), as well
as their ability to degrade complex polymers (Reichenbach 1992, Kirchman 2002). In
contrast, the groups a- and y-Proteobacteria were most abundant in the non-attached fraction,
which is consistent with the findings of other authors (Béckelmann et al. 2000, Bouvier & del
Giorgio 2002, Simon & Tilzer 2002, Selje 2003, Castle, 2004). As already discussed in a
previously conducted experiment (Walther et al. 2008, in prep), there were no sequences
affiliated with y-Proteobacteria among the excised bands from this study’s fingerprints,
though members of this subclass were detected in both bacterial fractions by CARD-FISH,

especially in the PA bacterial community.
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General algal-bacteria dynamics

Flowcytometer counts of non-attached bacterial cells and algal dynamics determined by chl a
measurements showed similar trends for bacterial and phytoplankton development in the
high-N treatments (Fig.2 and 3). Parallel increases in cell numbers and chl a concentrations

indicate a coupling between phyto- and bacterioplankton.

At low-N concentrations, where chl a dynamics indicated a much weaker
phytoplankton bloom, NA bacterial numbers at all temperatures remained within the same
range during the first peak as at high-N conditions. At the two warmer treatments, the first
bacterial peak formed over the first 18 days of the experiment; at 4°C, the first bacterial peak
occurred later, but counts remained within the same range for both nutrient treatments. At all
temperatures, DOC concentrations displayed similar dynamics during these first bacterial
peaks (Wohlers et al. in prep., data not shown), irrespective of nutrient treatment and despite
lower chl a concentrations at low N-conditions. These results point at a correspondence
between the DOC concentration and the bacterial development. This notion is substantiated
by the second increase of bacterial numbers during the last phase of the algal bloom which
only occurred at high-N conditions. This development may be linked to the marked increase
of DOC concentrations in the high-N treatments during the second stage of the experiment.
On the other hand, DOC concentrations at low-N concentrations showed only a slight increase
towards the end of the experiment which was restricted to warmer temperatures (Wohlers et
al. in prep., data not shown). Again, the absence of a second peak of NA cell counts in the
low-N treatments at all temperatures indicates a link between DOC concentrations and the NA

bacterial development.

Even though water was filtrated previous to the start of the experiment in order to
exclude grazers, control counts revealed the presence of heterotrophic nanoflagellates (HNF)
in all treatments over the entire experiment (Breithaupt et al. in prep., data not shown). The
sharp decline of NA bacterial numbers at both nutrient conditions in the warmer treatments
could therefore be the result of HNF grazing, whereas an inhibited grazing activity at low
temperatures could be the reason for the more or less steadily increasing high-N NA bacteria
counts at 4°C. However, at no nutrient condition and at no temperature did HNF control
counts suggest a link between HNF dynamics and the steep declines of the NA bacteria that
occurred in all but the coldest treatments. It is noteworthy that similar dynamics of NA
bacteria were documented for a previous experiment, where a striking decrease of highly

active NA bacteria at higher temperatures could not be linked to HNF dynamics. Due to the
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lack of ciliate counts during that experiment, ciliate grazing could not be excluded as a
potential reason for the observed break down of highly active NA bacteria. For this study,
however, microscopic analysis did not reveal the presence of any ciliates, most likely due to
the filtration of the aged sea water prior to the experiment. This indicates that the distinct
break down of NA bacterial numbers at all but the coldest temperatures was not a

consequence of ciliate grazing.

The PA fraction of the bacterial assemblage is known for its role in colonising and
degrading organic and therefore also algal particles (Hoppe et al. 1993, Middelboe et al. 1995,
Becquevort et al. 1998), thus directly utilizing phytoplankton derived organic matter. The
increase in numbers of PA bacteria with the progressing algal bloom and especially during the
degradation phase at all temperatures and nutrient concentrations that we observed during our
experiment was therefore expected (Fig.3 A-C). Moreover, our results suggest a functional,
temperature-independent coupling between phytoplankton development and both bacterial

fractions in both nutrient treatments.

The effect of temperature and nutrient regime on the bacterial production and

community composition

Though DOC concentrations at both nutrient treatments remained within the same range
during the first half of the experiment at all temperatures, leucine incorporation rates at warm
temperatures reached maxima up to three times higher in high compared to low-N treatments
(Fig.4 A and B). In contrast to bacterial dynamics, bacterial production apparently was not
linked to DOC concentrations. A possible explanation for the nutrient-dependent difference
between bacterial productions could be that the quality of dissolved organic carbon released
by Skeletonema costatum was affected by the different nutrient regimes and N-concentrations,
respectively. It has already been shown that growth of aquatic bacteria can be N-limited
despite high DOC concentrations (Goldman & Dennett 2000). The low-N concentrations that
were set in this study might therefore have induced such high DOC:N ratios of the algal-
released dissolved organic matter that, as a consequence, bacterial activity was diminished at
low-N conditions compared to high-N treatments. Qualitative analysis of DOM will shed

some light on this assumption (Wohlers et al., in prep.)

In a study on the link between nutrient conditions, exudation of DOC by phytoplankton and
bacterial growth, Obernosterer and Herndl (1995) showed that bacteria were not able to

efficiently utilize the organic material released by P-limited algae during the exponential
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stage, resulting in decreased bacterial growth yield. Since NA bacterial production in our
high-N treatments was considerably higher than at low N concentrations, we were not able to
confirm these findings. The different N:P ratios of 100 (Obernosterer and Herndl 1995) and
30 (present study) used in both studies which lead to different extents of P-limitation, might

explain this discrepancy.

In contrast to the cold treatments, DOC-concentrations increased markedly and
steadily at 8 and 12°C already after day 18. This points to a progressive release of dissolved
organic carbon towards the peak and during the breakdown of the algal bloom (Wohlers et al.
in prep., data not shown) at warmer temperatures and may be an explanation for the higher
bacterial activity at 8 and 12°C compared to the cold treatment. Furthermore, the capability of
the NA bacterial community itself for DOC uptake could have been reduced at cold
temperatures (Pomeroy & Deibel 1986). Finally it as also possible that the P-limiting
conditions at high-N concentrations resulted only at cold temperatures in the bacterial
inability to utilize algal exudates (Obernosterer & Herndl 1995). The clearly diminished high-
N bacterial production we observed at cold temperatures therefore indicates an interaction
between ambient temperature and nutrient conditions, with warmer conditions mitigating the

limiting effects of organic matter derived from algae under P-limiting conditions.

The apparent temperature effect on the bacterial activity at high-N conditions was
mirrored in our genetic fingerprints for both bacterial fractions. While the NA communities
from the low-N treatments did not reveal reliable temperature linked clustering, there was a
markedly more distinct grouping with regard to temperature at high-N conditions. Though the
PA communities at both nutrient conditions showed a generally clearer temperature related
structuring than the NA fraction, higher similarity values in the cluster analysis hinted at a
more pronounced temperature effect in the high-N treatments. For both bacterial fractions, the
temperature linked clusters of the high-N treatments consisted of samples taken during the
later stages of the algal bloom, whereas those sampled during the earlier phases tended to
cluster separately. This indicates a growing temperature effect with the progress of the
phytoplankton development. It is known that PA bacteria, and especially the Bacteroidetes
group, are functionally linked to the degradation of phytoplankton blooms, to which they
considerably contribute by enzymatically hydrolyzing complex organic compounds (Hoppe et
al. 1993, Middelboe et al. 1995). Since these processes as well as bacterial substrate affinity
are thought to be temperature dependent (Nedwell 1999), it is not surprising that we found a

stronger temperature effect on the PA bacterial fraction during the degradation phase of the
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algal bloom, as was already the case in a previous mesocosm experiment with similar design
(Walther et al. in prep). Unfortunately, the inconstant CARD-FISH results were not sufficient
for analysis in terms of temperature related shifts in group structure or with progress of the
phytoplankton bloom. Particularly the missing counts for t; from the high-N treatments did
not admit to affirm our theory of an intensified temperature effect at later algal bloom stages.
Also, we are not able to explain why the occurrence of ribotype AS07-PA13 2 with the
closets cultivated relative Flexibacter aggregans subsp. catalaticus (NCIMB 1418; Tab.1)
was restricted to the +8°C treatment. The strain NCIMB 1418 was originally isolated from a
cold habitat and is capable of growing at low temperatures, whereas it shows no nutritional
versatility, but requires several nitrogen sources (Bowman et al. 2003), which might explain
its absence at low-N conditions. Since Flexibacter aggregans was shown to be
psychrotolerant (Bowman et al. 2003), however, we cannot clarify its absence in the +4°C

treatments of the PA bacterial communities.

Reverting to the initial question, the presented results indicate that nutrient conditions
do affect the extent of temperature-linked bacterial community structuring. While,
irrespective of NA or PA fraction, the bacterial assemblages in our experiment generally
tended to exhibit temperature linked structural differences during the late stages of the
phytoplankton bloom, high N concentrations apparently enhanced the differences we found
on the phylogenetic level. The findings of the present study therefore strongly suggest a
combined effect of temperature and nutrient conditions on the bacterial community
composition which should be taken into account in future analyses of the effect of rising

ambient temperatures on marine heterotrophic bacteria.
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In the study at hand, the influence of rising ambient tempertures on natural planktonic
communities was analysed in temperature modulated mesocosms. The main focus was on the
bacterioplankton assemblage, which was assessed for temperature linked shifts in the
community structure on the group and species level by applying molecular biological
methods. This work was carried through within the DFG proirity prgramm AQUASHIFT and
contributes basic analyses on the possible influence of increasing water temperatures on the
composition of marine bacterioplankton on which weiterfithrende more specific studies can be

built/based upon.

Predicted future increases in temperature for the region of the Baltic Sea in the up-
coming century range up to a rise of +6°C (BALTEX report 2006), with the focus of warming
lying in the winter and early spring months. The hypothesis of different influences of these
increasing temperatures on auto- and heterotrophic organisms is a central theory within the
DFG priority project AQAUSHIFT. For the study at hand, it is the potential impact on the
functional coupling between phyto- and bacterioplankton, especially possibly temperature-

linked shifts within the bacterial communtiy structure which is of particular interest.

The experimental setting for the study at hand proved to be feasable. The results
presented in chapter 1 show that over the entire temperature gradient, distinct algal blooms
developed from the overwintering Kiel Fjord phytoplankton stock in all mesocosms.
Temperature as cardinal parameter was successfully held stable for the greatest part of the
entire experiment in all climatic chambers; the dynamics of inorganic nutrients demonstrate
that ressources were completely utilized by the present biota. Furthermore, it became clear
that the planktonic community did respond to increasing temperatures. Especially the highly
active fraction of the bacterial community showed a quantitative development which was
markedly congruent with changing ambient temperatures. Yet, it was not possible to
determine whether this was a direct temperature effect or mediated by top-down factors,
which in turn might have been influenced by temperatures themselves. Therefore, the

following chapters particularly focused on the analysis of the bacterial community.

The results of several studies have alraedy demonstrated the stimulating effect of
rising temperatures on the activity of marine bacteria (Pomeroy & Wiebe 2001, Kirchman et
al. 2005, Lopez-Urrutia & Morana 2007). This parameter is of great importance for the
degradation of organic material in the oceans and thus for the marine carbon cycle, which is
why it is crucial to assess the the impact of future rising temperatures on the bacterial activity

in the oceans; this question is also accounted for within AQUASHIFT. Still, the question
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whether the bacterial community composition and therefore the qualitative utilization of
organic material by bacteria is also affected by changing ambient temperatures has not found

the same regard.

The analysis of the bacterial community composition, which is presented in chapter 2,
therefore focused on probable temperature related shifts within the structure of the bacterial
community. The statistic comparison of DGGE genetic fingerprints demonstrated that
especially the particle-attached bacterial fraction, which is mainly responsible for the
degradation of particulate organic matter, differed in community composition between the
two analysed extreme temperatures. Also the CARD-FISH results exhibited different
distributions of the tested bacterial groups, which seemed to be temperature-related.
Sequencing of dominant DGGE bands showed that the bacterial assemblage that developed
during the experiment consisted of species which were expected for the sampling site (Kiel
Fjord). The observed temperature-linked shifts within the particle-attached bacterioplankton
are therefore no result of the development of an artificial bacterial community, but could

actually be the consequence of different ambient temperatures.

A further bottom-up factor potentially influencing the composition of the bacterial community
is the present nutrient concentration. Pinhassi et al. (2004), Abell & Bowman (2005) as well
as Grossart et al. (2005) were able to show that qualitatively different organic carbon from
different algal exudates resulted in distinct bacterial communities. The distribution and
concentrations of inorganic nutrients were also found to influence the structure of the bacterial
assemblage (Hutchins et al. 2001, Pinhassi & Berman 2003, Pinhassi et al. 2006). Since it was
also demonstrated that only a combined analysis of ambient temperatures and present nutrient
concentrations allows a realistic assessment of their limiting effect on the bacterial
community (Nedwell & Rutter 1994, Reay et al. 1999, Pomeroy & Wiebe 2001), the impact

of both parameters was studied in a further experiment.

As the results of chapter 3 show, genetic fingerprinting as well as the CARD-FISH
analysis indicate that the given nutrient situation does have an influence on the extent of the
temperature impact on the bacterial community structure. High nitrate concentrations
apparently enhanced the impact of ambient temperatures which were detected for both
bacterial fractions (not-attached and particle-attached) in this experiment, mainly during the
degradation phase of the algal bloom. The above mentioned studies on the combined effect of

nutrient situation and ambient temperatures on the bacterial community therefore confirmed.
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Aside from the inherent limitations that working with man-made models of an ecosystem such
as mesocosms entails, further restrictions that were to be expected regarding our experimental
setting had to be faced. For one, the running time that was necessary to observe the
experimental algal blooms from the beginning until the end of the degradation phase carried
the risk of the development of a too pronounced wall growth which would have threatened to
bias the pelagic signal of interest. It was therefore necessary to keep the light conditions at a
level high enough to result in a satisfactorily fast bloom development to keep the running time
of the experiment at a minimum. These light intensities exceeded natural early spring
conditions at both of the conducted experiments. Further, organic material which is usually
taken from the upper water layers by sedimentation remained was not removed from the tanks
and thus still available for bacterial utilization. It is therefore evident that the experiments in
this study did not allow a prognosis of developments taking place in the ‘real world’, but
should be understood as possible effects of rising ambient temperatures on the basic
mechanisms underlying the functional coupling of phyto- and bacterioplankton. All the above
mentioned limitations notwithstanding, the experimental settings applied in this study were
the only ones suitable for the analysis of the functional link between phyto- and

bacterioplankton under defined temperature conditions.

Recapitulating, the presented work shows that an analysis of the elemental
mechanisms at the basis of the coupling between marine algae and bacteria is possible by
employing the above described mesocosm system set up in climatic chambers to simulate
rising ambient temperatures. The results of this study furthermore imply that increasing
temperature does affect the planktonic community as a whole and that the bacterial
assemblage does respond in community structure to rising ambient temperatures. As the
presented conclusions indicate, the composition of the particle-attached bacterial fraction
showed a more distinct reaction to increasing water temperatures than the not-attached
community. Moreover, the results on hand strongly suggest that the actual impact of
increasing ambient temperatures on the marine bacterial community composition can only be

reliably assessed if present inorganic nutrient concentrations are taken into account.

After having gained these first insights, further work in this area is certainly necessary
to gain a more detailed picture on how future rising water temperatures might affect the
community structure of marine bacteria. On the basis of the present results, a closer look at
the particle-associated community in particular seems to be called for, as well as the use of

more specific primers than those used in the study at hand. Screening both bacterial
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assemblages with adequate specific primers, e.g. for the Cytophga-Flavobacteria or the
Roseobacter group, and subsequent sequencing of bands of interest might be a first step
towards a species specific identification of seemingly temperature-dependent taxa. Similar
results could be achieved by creating clone libraries and ensuing sequencing of relevant
clones. The design of probes specific for such organisms would then allow a targeted search
for bacteria whose presence is apparently related to certain ambient temperatures. By applying
molecular methods which link single-cell with functional analysis such as MICRO CARD-
FISH (catalyzed reporter deposition fluorescence in situ hybridization combined with
microautoradiography), it would even be possible to assign functional attributes to
temperature-sensitive bacterial groups or species, permitting to further assess the
consequences that shifts within the bacterial community structure caused by rising
temperatures might have for the utilization of organic carbon in the oceans and therefore for

the marine carbon cycle.

109



Literature cited

Abell GCJ and Bowman JP (2005) Colonization and community dynamics of class
Flavobacteria on diatom detritus in experimental mesocosms based on Southern Ocean
seawater. FEMS Microbiology Ecology 53: 379-391

Acinas SG, Anton J, Rodriguez-Valera F (1999) Diversity of free-living and attached bacteria
in offshore western mediterranean waters as depicted by analysis of genes encoding 16S
rRNA. Applied and Environmental Microbiology 65: 514-522

Alderkamp AC, Sintes E, Herndl GJ (2006) Abundance and activity of major groups of
prokaryotic plankton in the coastal North Sea during spring and summer. Aquatic Microbial
Ecology 45: 237-246

Alonso-Saez L, Balague V, Sa EL, Sanchez O, Gonzalez JM, Pinhassi J, Massana R,
Pernthaler J, Pedros-Alio C, Gasol JM (2007) Seasonality in bacterial diversity in north-west
Mediterranean coastal waters: assessment through clone libraries, fingerprinting and FISH.
FEMS Microbiology Ecology 60: 98-112

Amann RI, Binder BJ, Olson RJ, Chisholm SW, Devereux R, Stahl DA (1990) Combination
of 16S rRNA-targeted oligonucleotide probes with flow cytometry for analyzing mixed
microbial populations. Applied and Environmental Microbiology 56: 1919-1925

Andersen P and Serensen HM (1986) Population dynamics and trophic coupling in pelagic
microorganisms in eutrophic coastal waters. Marine Ecology Progress Series 33: 99-109

Azam F, Fenchel T, Field JG, Gray JS, Meyer-Reil LA, Thingstad F (1983) The ecological
role of water-column microbes in the sea. Marine Ecology Progress Series 10: 257-263

Azam F (1993) Bacteria-organic matter coupling and its significance for oceanic carbon
cycling Microbial Ecology 28: 167-179

Baines SB and Pace ML (1991) The production of dissolved organic matter by phytoplankton
and its importance to bacteria: Patterns across marine and freshwater systems. Limnology and
Oceanography 36: 1078-1090

Babenerd B, Gerlach SA (1987) Bathymetry and sediments of Kieler Bucht. In: Rumohr J,
Walger E Zeitzschel B (eds.): Seawater sediment in coastal waters. Lecture notes on coastal
and estuarine studies 13: 16-31. Springer, Berlin

BALTEX (2006) Assessments of climate change for the Baltic Sea Basin — the BACC
project. International BALTEX Secr., Publication No.35, GKSS, Geestacht, Germany

110



Bathmann UV, Noji TT, von Bodungen B (1990) Copepod grazing potential in late winter
in the Norwegian Sea - a factor in the control of spring phytoplankton growth? Marine
Ecology Progress Series 60: 225-233.

Bauer M, Kube M, Teeling H, Richter M, Lombardot T, Allers E, Wiirdemann CA, Quast C,
Kuhl H, Knaust F, Woebken D, Bischof K, Mussmann M, Choudhuri JV, Meyer F, Reinhardt
R, Amann RI, Glockner FO (2006) Whole genome analysis of the marine Bacteroidetes
'Gramella forsetii' reveals adaptations to degradation of polymeric organic matter.
Environmental Microbiology 8: 2201-2213

Becquevort S, Rousseau V, Lancelot C (1998) Major and comparable roles for free-living
and attached bacteria in the degradation of Phaeocystis-derived organic matter in Belgian
coastal waters of the North Sea. Aquatic Microbial Ecology 14: 39-48

Bell RT, Kuparinen J (1984) Assessing phytoplankton and bacterioplankton production
during early spring in Lake Erken, Sweden. Applied and Environmental Microbiology
48:1221-1230

Bernard L, Schifer H, Joux F, Courties C, Muyzer G, Lebaron P (2000) Genetic diversity of
total, active and culturable marine bacteria in coastal water. Aquatic Microbial Ecology 23:
1-11

Beyers RJ, Odum HT (1993) Ecological microcosms. Springer-Verlag New York

Bidle KD, Fletcher M (1995) Comparison of free-living and particle-associated bacterial
communities in the Chesapeake Bay by stable low-molecular-weight RNA analysis Appl
Environ Microbiol. 61: 944-952

Bidle KD, Azam F (2001) Bacterial control of silicon regeneration from diatom detritus:
Significance of bacterial ectohydrolases and species identity. Limnology and Oceanography
46: 1606-1623

Bockelmann U, Manz W, Neu TR, Szewzyk U (2000) Characterization of the microbial
community of lotic organic aggregates (‘river snow') in the Elbe River of Germany by
cultivation and molecular methods. FEMS Microbiology Ecology 33: 157-170

Bouvier TC, del Giorgio PA (2002) Compositional changes in free-living bacterial
communities along a salinity gradient in two temperate estuaries. Limnology and
Oceanography 47:  453-470

Bowman JP, Mancuso Nichols C, Gibson JAE (2003) Algoriphagus ratkowskyi gen. nov.,
spec.nov., Brumimicrobium glaciale gen. nov., spec.nov., Cryomorpha ignava gen. nov.,
spec.nov., Crotinitomix catalasitica gen. nov., spec.nov., novel flavobacteria isiolated from
various polar habitats. International Journal of Systematic and Evolutionary Microbiology 53:
1343-1355

Bratbak G, Heldal M, Thingstad TF, Tuomi P (1996) Dynamics of virus abundance in
coastal seawater. FEMS Microbiology Ecology 19: 263-269.

111



Brinkhoff T, Muyzer G (1997) Increased species diversity and extended habitat range of
sulfur-oxidizing Thiomicrospira spp. Applied and Environmental Microbiology 63: 3789-
3796

Carlson CA, Giovannoni SJ, Hansell DA, Goldberg SJ, Parsons R, Otero MP, Vergin K,
Wheeler BR (2002) Effect of nutrient amendments on bacterioplankton production,
community structure, and DOC utilization in the northwestern Sargasso Sea. Aquatic
Microbial Ecology 30: 19-36

Carlson CA, Giovannoni SJ, Hansell DA, Goldberg SJ, Parsons R, Vergin K (2004)
Interactions between DOC, microbial processes, and community structure in the mesopelagic
zone of the northwestern Sargasso Sea. Limnology and Oceanography 49: 1073-1083

Castle D, Kirchman DL (2004) Composition of estuarine bacterial communities assessed by
denaturing gradient gel electrophoresis and fluorescence in situ hybridization. Limnology and
Oceanography: Methods 2: 303-314

Chen CC, Petersen JE, Kemp WM (1997) Spatial and temporal scaling of periphyotn growth
on walls of estuarine mesocosms. Marine Ecology Progress Series 155: 1-15

Cho BC, Azam F (1990) Biogeochemical significance of bacterial biomass in the ocean's
euphotic zone. Marine Ecology Progress Series 63: 253-259.

Chrost RJ, Miinster U, Rai H, Albrecht D, Witzel PK, Overveck J (1989) Photosynthetic
production and exoenzymatic degradation of organic matter in the euphotic zone of a
eutrophic lake. Journal of Plankton Research 11(2): 223-242

Chrzanowski T, Sterner R, Elser J (1995) Nutrient enrichment and nutrient regeneration
stimulate bacterioplankton growth. Microbial Ecology 29: 221-230

Church MJ, Hutchins DA, Ducklow HW (2000) Limitation of bacterial growth by dissolved
organic matter and iron in the southern ocean. Applied and Environmental Microbiology 66
(2): 455-466

Cole JJ, Findlay S, Pace ML (1988) Bacterial production in fresh and saltwater ecosystems: a
cross-system overview. Marine Ecology Progress Series 43: 1-10

Crump BC, Armbrust EV, Baross JA (1999) Phylogenetic analysis of particle-attached and
free-living bacterial communities in the Columbia river, its estuary, and the adjacent coastal
ocean. Applied and Environmental Microbiology 65: 3192-3204

Daims H, Bruhl A, Amann R, Schleifer KH, Wagner M (1999) The domain-specific probe
EUB338 is insufficient for the detection of all Bacteria: development and evaluation of a
more comprehensive probe set. Systematic and Applied Microbiology 22: 434-444

DeLong EF, Franks DG, Alldredge AL (1993) Phylogenetic diversity of aggregate-attached
vs. free-living marine bacterial assemblages. Limnology and Oceanography 38: 924-934

112



Diez B, Pedrds-Alié C, Marsh TL, Massana R (2001) Application of Denaturating Gradient
Gel Electrophoresis to study the diversity of marine picoeukarytoc assemblages and
comparison of DGGE with othe molecular techniques. Applied and Environmental
Microbiology 67: 2942-2951

Ducklow HW and Carlson C (1992) Oceanic bacterial production. Advanced Microbial
Ecology 12: 113-181

Dufour PH and Torréton JP (1996) Bottom-up and top-down control of bacterioplankton
from eutrophic to oligotrophic sites in the tropical northeastern Atlantic Ocean. Deep Sea
Research Part I: Oceanographic Research Papers (43): 1305-1320

Eppley R (1972) Temperature and phytoplankton growth in the sea. Fishery Bulletin 70:
1063-1085.

Fandino LB, Riemann L, Steward GF, Long RA, Azam F (2001) Variations in bacterial
community structure during a dinoflagellate bloom analyzed by DGGE and 16S rDNA
sequencing. Aquatic Microbial Ecology 23: 2003/2006/2028

Fandino LB, Reimann L, Steward GF, Azam F (2005) Population dynamics of Cytophaga-
Flavobacteria during marine phytoplankton blooms analyzed by real-time quantitative PCR.
Aquatic Microbial Ecology 40: 251-257

Felip M, Pace ML, Cole JJ (1996) Regulation of planktonic bacterial growth rates: The
effects of temperature and resources. Microbial Ecology 31: 15-28

Fuhrman JA and Azam F (1980) Bacterioplankton secondary production estimates for
coastal waters off British Columbia, Antarctica and California. Applied and Environmental
Microbiology 39: 1085-1095

Fuhrman JA and Azam F (1982) Thymidine Incorporation as a Measure of Heterotrophic
Bacterioplankton Production in Marine Surface Waters: Evaluation and Field Results. Marine
Biology 66: 109-120

Gasol JM, del Giorgio PA, Duarte CM (1997) Biomass distribution in marine planktonic
communities. Limnology and Oceanography 42: 1353-1363.

Glockner FO, Fuchs BM, Amann R (1999) Bacterioplankton compositions of lakes and
oceans: a first comparison based on fluorescence in situ hybridization. Applied and
Environmental Microbiology 65: 3721-3726

Goldman J, Dennett MR (2000) Growth of marine bacteria in batch and continuous culture
und carbon and nitrogen limitation. Limnology and Oceanography 45: 789-800

Graf G, Schulz R, Peinert R, Meyer-Reil LA (1983)Benthic response to sedimentation events
during autumn to spring at a shallow water-station in the Western Kiel Bight. Marine Biology
77:235-246

Grice D, Reeve MR (eds.)(1982) Marine Mesocosms. Springer Verlag New York

113



Grossart HP, Simon M (1998) Bacterial colonization and microbial decomposition of
limnetic organic aggregates (lake snow). Aquatic Microbial Ecology 15: 127-140

Grossart HP, Levold F, Allgaier M, Simon M, Brinkhoff T (2005) Marine diatom species
harbour distinct bacterial communities. Environmental Microbiology 7: 860-873

Grossart HP, Tang KW, Kierboe T, Ploug H (2007) Comparison of cell-specific activity
between free-living and attached bacteria using isolates and natural assemblages. FEMS
Microbiology Letters 266: 194-200

Grote J, Labrenz M, Pfeiffer B, Jost G, Jiirgens K (2007) Quantitative Distributions of
Epsilonproteobacteria and a Sulfurimonas Subgroup in Pelagic Redoxclines of the Central
Baltic Sea. Applied and Environmental Microbiology 73: 7155-7161

Hahn MW and Hoéfle MG (2001) Grazing of protozoa and its effect on populations of aquatic
bacteria. FEMS Microbiology Ecology 35: 113-121.

Hansen H and Koroleff F (1999) Determination of nutrients. In: Grasshoff K, Kremling K,
M. E (eds) Methods of seawater analysis. Wiley-VCH, Wenheim, p 159-228

Hansen J, Sato M, Ruedy R, Lo K, Lea DW, Medina-Elizade M (2006) Global temperature
change. Proceedings of the National Academy of Science (39): 14288-14293

Hanson RB, Shafer D, Ryan T, Pope DH, Lowery HK (1983) Bacterioplankton in Antarctic
Ocean waters during late Austral winter: Abundance, frequency of dividing cells, and
estimates of production. Applied and Environmental Microbiology 45: 1622-1632

Heinéinen A and Kuparinen J (1992) Response of bacterial thymidine and leucine
incorporation to nutrient (NH4, PO4) and carbon (sucrose) enrichment. Archiv fiir
Hydrobiologie - Beiheft 37: 241-251

Henriques IS, Alves A, Tacao M, Almeida A, Cunha A, Correia A (2006) Seasonal and
spatial variability of free-living bacterial community composition along an estuarine gradient
(Ria de Aveiro, Portugal). Estuarine, Coastal and Shelf Science 68: 139-148

Hillebrand H, Diirselen CD, Kirschtel D, Pollingher, Zohary T (1999) Biolvolume
calculation or pelagic and benthic microalgae. Journal of Phycology 35: 403-424.

Hitchcock GL and Smayda TJ (1977) The importance of light in the initiation of the
1972.1923 winter-spring diatom bloom in Narragansett Bay. Limnology and Oceanography
22:126-131.

Holmes RM, Aminot A, Kérouel R, Hooker BA, B.J. P (1999) A simple and precise method
for measuring ammoinum in marine and freshwater ecosystems. Canadian Journal of
Fisheries and Aquatic Sciences 56: 1801-1808

Hoppe HG, Kim SJ, Gocke K (1988) Microbial decomposition in aquatic environments -
combined process of extracellular enzyme activity and substrate uptake. Applied and
Environmental Microbiology (March 1988): 784-790

114



Hoppe HG, Ducklow H, Karrasch B (1993) Evidence for dependency of bacterial growth on
enzymatic hydrolysis of particulate organic matter in the mesopelagic ocean. Marine Ecology
Progress Series 93: 277-283

Houghton JT, others (2001) Climate change 2001: the scientific basis: contribution of
working group I to the third assessment report of the Intergovernmental Panel of Climate
Change. , Vol. Cambridge Univ. Press

Huntley ME and Lopez MD (1992) Temperature-dependent production of marine copepods:
a global synthesis. The American Naturalist 140: 201-242.

Hutchins DA, Campbell BJ, Cottrell MT, Takeda S (2001) Response of marine bacterial
community composition to iron additions in three iron-limited regimes. Limnology and
Oceanography 46: 1535-1545

Jochem F (1989) Distribution and importance of autrophobic ultraplankton in a boreal
inshore area (Kiel Bight, Western Baltic). Marine Ecology Progress Series 53: 153-168

Karner M, Fuks D, Herndl GJ (1992) Bacterial activity along a trophic Gradient. Microbial
Ecology 24: 243-257

Keil RG, Kirchman DL (1999) Utilization of dissolved protein and amino acids in the
northern Sargasso Sea. Aquatic Microbial Ecology 18: 293-300

Kirchman DL, Ducklow HW (1987) Trophic dynamics of particle-bound bacteria in pelagic

ecosystems: a review. In: Moriarty DJW, Pullin RSV (eds.) Detritus and microbial ecology in
aquaculture. Proceedings from the Conference on Detrital Systems for Aquaculture Bellagio,

Como, Italy. International Center for Living Aquatic Resources Management, Manila

Kirchman DL (1990) Limitation of bacterial growth by dissolved organic matter in the
subarctic Pacific. Marine Ecology Progress Series 62: 47-54

Kirchman DL, Rich JH, Barber RT (1995) Biomass and biomass production of heterotrophic
bacteria along 140°W in the Equatorial Pacific: Effect of temperature on the microbial loop.
Deep-Sea Research 11 42: 603-619

Kirchman DL and Rich JH (1997) Regulation of bacterial growth rates by dissolved organic
carbon and temperature in the equatorial Pacific Ocean. Microbial Ecology 33: 11-20.

Kirchman DL (2002) The ecology of Cytophaga-Flavobacteria in aquatic environments.
FEMS Microbiology Ecology 39: 91-100

Kirchman DL, Malmstrom RR, Cottrell MT (2005) Control of bacterial growth by
temperature and organic matter in the Western Arctic. Deep-Sea Research II 52: 3386-3395

Kisand V, Cuadros R, Wikner J (2002) Phylogeny of culturable estuarine bacteria
catabolizing riverine organic matter in the northern Baltic Sea. Applied an Environmental
Microbiology 68 (1): 379-388

115



Koster R (1995) Entstehung der Ostsee. In: Rheinheimer (edt) Meereskunde der Ostsee.
Springer-Verlag Berlin Heidelberg, p. 12-17

Lampe R (1995) Kiistentypen. In: Rheinheimer (edt) Meereskunde der Ostsee. Springer-
Verlag Berlin Heidelberg, p. 12-17

Lane DJ (1991) 16S/23S rRNA sequencing. In: Stackebrandt E, Goodfellow M (eds) Nucleic
acid techniques in bacterial systematics. John Wiley and Sons, Chichester, p. 115-175

Langenheder S and Jiirgens K (2001) Regulation of bacterial biomass and community
structure by metazoan and protozoan predation. Limnology and Oceanography 46: 121-134.

Larsen A, Fonnes Flaten GA, Sandaa RA, Castberg T, Thyrhaug R, Erga SR, Jacquet S,
Bratbak G (2004) Spring Pyhtoplankton bloom dynamics in Norwegian coastal waters:
Microbial community succession and diversity. Limnology and Oceanography 49: 180-190

Larsson U and Hagstrom A (1982) Fractionated phytoplankton primary production exudate
realease and bacterial production in a Baltic eutrophication gradient. Marine Biology 67: 57-
70

Legendre L and Lefevre J (1995) Microbial Food Webs and the Export of Biogenic Carbon
in Oceans. Aquatic Microbial Ecology 9: 69-77

Lignell R, Heiskanen AS, Kuosa H, Gundersen K, Kuuppo-Leinikki P, Pajuniemi R, Uitto A
(1993) Fate of a phytoplankton spring bloom: Sedimentation and carbon flow in the
planktonic food web in the northern Baltic. Marine Ecology Progress Series 94: 239-252.

Lépez-Urrutia A, San Martin E, Harris RP, Irigoien X (2006) Scaling the metabolic balance
of the oceans. Proceedings of the National Academy of Sciences of the United States of
America 103: 8739-8744

Lépez-Urrutia A, Morana XAG (2007) Resource limitation of bacterial production distorts
the temperature dependence of oceanic carbon cycling. Ecology 88: 817-822

Lunau M, Lemke A, Walther K, Martens-Habbena W, Simon M (2005) An improved
method for counting bacteria from sediments and turbid environments by epifluorescence
microscopy. Environmental Microbiology 7: 961-968.

Mann KH, Lazier JRN (2005) Dynamics of Marine Ecosystems: Biological-physical
interactions in the oceans. Wiley-Blackwell

Manz W, Amann R, Ludwig W, Wagner M, Schleifer KH (1992) Phylogenetic
oligodeoxynucleotide probes for the major subclasses of proteobacteria: Problems and
Solutions. Systematic and Applied Microbiology 15: 593-600

Manz W, Amann R, Ludwig W, Vancanneyt M, Schleifer KH (1996) Application of a suite
of 16S rRNA-specific oligonucleotide probes designed to investigate bacteria of the phylum

cytophaga-flavobacter-bacteroidetes in the natural environment. Microbiology 142: 1079-
1106

116



Mathias CB, Kirschner AKT, Velimirov B (1995) Seasonal variations of virus abundance
and viral control of the bacterial production in a backwater system of the Danube River.
Applied and Environmental Microbiology 61: 3734-3740.

Matz C and Jiirgens K (2003) Interaction of nutrient limitation and protozoan grazing
determines the phenotypic structure of a bacterial community. Microbial

Menden-Deuer S and Lessard EJ (2000) Carbon to volume relationship for dinoflagellates,
diatoms and other protist plankton. Limnology and Oceanography 45: 569-579.

Middelboe M, Sendergaard M, Letarte Y, Borch N (1995) Attached and free-living bacteria:
Production and polymer hydrolysis during a diatom bloom. Microbial Ecology 29: 231-248

Moeseneder MM, Winter C, Herndl GJ (2001) Horizontal and vertical complexity of
attached and free-living bacteria of the eastern Mediterranean Sea, determined by 16S rDNA
and 16S rRNA fingerprints. Limnology and Oceanography 46: 95-107

Moran XAG, Gasol JM, Pedrés-Alio C, Estrada M (2001) Dissolved and particulate primary
production and bacterial production offshore Antarctic waters during austral summer: coupled
or uncoupled? Marine Ecology Progress Series 222: 25-39

Moran XAG, Estrada M, Gasol JM, Pedrds-Alio C (2002) Dissolved primary production and
the strength of phytoplankton- bacterioplankton coupling in contrasting marine regions.
Microbial Ecology 44: 217-223

Muylaert K, Van der Gucht K, Vloemans N, De Meester L, Gillis M, Vyverman W (2002)
Relationship between bacterial community composition and bottom-up versus top-down
variables in four eutrophic shallow lakes. Applied and Environmental Microbiology 68:
4740-4750

Muyzer G, de Waal EC, Uitterlinden AG (1993) Profiling of complex microbial populations
by denaturing gradient gel electrophoresis analysis of polymerase chain reaction-amplified
genes coding for 16S rRNA. Applied and Environmental Microbiology 59: 695-700

Muyzer G, Smalla K (1998) Application of denaturing gradient gel electrophoresis (DGGE)
and temperature gradient gel electrophoresis (TGGE) in microbial ecology. Antonie van
Leeuwenhoek 73: 127-141

Nedwell DB, Rutter M (1994) Influence of temperature on growth rate and competition
between two psychrotolerant Antarctic bacteria: Low temperature diminishes affinity for
substrate uptake. Applied and Environmental Microbiology 60: 1984-1992

Nedwell DB (1999) Effect of low temperature on microbial growth: lowered affinity for
substrates limits growth at low temperature. FEMS Microbiology Ecology 30: 101-111

Neef A, Witzenberger R, Kédmpfer P (1999) Detection of sphingomonads and in situ
identification in activated sludge using 16S rRNA-targeted oligonucleotide probes. Journal of
Industrial Microbiology and Biotechnology 23: 261-267

117



Obata A, Ishizaka J, Endoh M (1996) Global verification of critical depth theory for
phytoplankton bloom with climatological in situ temperature and satellite ocean color data.
Journal of Geophysical Research 101 (20): 657-667

Obernosterer I and Herndl GJ (1995) Phytoplankton extracellular release and bacterial
growth: Dependence on the inorganic N:P ratio. Marine Ecology Progress Series 116:
247-257

Odum EP (1984) The Mesocosm. BioScience 34: 558-562

Pawlak JF, Leppinen JH (2007) Climate Change in the Baltic Sea — draft HELCOM
thematic assessment in 2007. Based on the BALTEX assessment of climate change for the
Baltic Sea Basin (BAAC)

Pedros-Alio C and Brock TD (1983) The importance of attachment to particles for planktonic
bacteria. Archiv fiir Hydrobiologie 98: 354-379

Pinhassi J and Berman T (2003) Differential growth response of colony-forming a- and g-
proteobacteria in dilution culture and nutrient addition experiments from lake Kinneret
(Israel), the eastern Mediterranean Sea, and the Gulf of Eilat. Applied and Environmental
Microbiology 69: 199-211

Pinhassi J, Sala MM, Havskum H, Peters F, Guadayol O, Malits A, Marrase C (2004)
Changes in Bacterioplankton Composition under Different Phytoplankton Regimens. Applied
and Environmental Microbiology 70: 6753-6766

Pinhassi J, Gomez-Consarnau L, Alonso-Saez L, Sala MM, Vidal M, Pedros-Alié C, Gasol
JM (2006) Seasonal changes in bacterioplankton nutrient limitation and their effects on
bacterial community composition in the NW Mediterranean Sea. Aquatic Microbial Ecology
44:241-252

Pomeroy LR and Deibel D (1986) Temperature regulation of bacterial activity during the
spring bloom in Newfoundland coastal waters. Science 233: 359-361

Pomeroy LR, Wiebe WJ, Deibel D, Thompson RJ, Rowe GT, Pakulski JD (1991) Bacterial
responses to temperature and substrate concentration during the Newfoundland spring bloom.
Marine Ecology Progress Series 75: 143-159

Pomeroy LR and Wiebe WJ (2001) Temperature and substrates as interactive limiting factors
for marine heterotrophic bacteria. Aquatic Microbial Ecology 23: 187-204

Reay DS, Nedwell DB, Priddle J, Ellis-Evans JC (1999) Temperature dependence of
inorganic nitrogen uptake: reduced affinity for nitrate at suboptimal temperatures in both
algae and bacteria. Applied and Environmental Microbiology 65: 2577-2584

Reichenbach H (1992) The Order Cytophagales. In: Dworkin M, Falkow S, Rosenberg E
(eds) The Prokaryotes, Vol 7. Springer, New York, p 549-590

118



Rheinheimer G. (1995) Einleitung. In: Rheinheimer (edt) Meereskunde der Ostsee. Springer-
Verlag Berlin Heidelberg, p. 12-17

Riemann B, Fuhrman J, Azam F (1982) Bacterial secondary production in freshwater
measured by 3H-thymidine incorporation method. Microbial Ecology 8: 101-114

Riemann L, Steward GF, Azam F (2000) Dynamics of bacterial community composition and
activity during a mesocosm diatom bloom. Applied and Environmental Microbiology 66:
578-587

Riemann L and Winding A (2001) Community dynamics of free-living and particle-
associated bacterial assemblages during a freshwater phytoplankton bloom. Microbial
Ecology 42: 274-285

Rink B, Seeberger S, Martens T, Duerselen C-D, Simon M, Brinkhoff T (2007) Effects of
phytoplankton bloom in a coastal ecosystem on the composition of bacterial communities.
Aquatic Microbial Ecology 48: 47-60

Rivkin RB, Anderson MR (1997) Inorganic nutrient limitation of oceanic bacterioplankton.
Limnology and Oceanography 42: 730-740

Roff JC, Turner JT, Webber MK, Hopcroft RR (1995) Bacterivory by Tropical Copepod
Nauplii - Extent and Possible Significance. Aquatic Microbial Ecology 9: 165-175.

Rutter M, Nedwell DB (1994) Influence of changing temperature on growth rate and
competition between two psychrotolerant Antarctic bacteria: Competition and survival in non-
steady-state temperature environments. Applied and Environmental Microbiology 60: 1993-
2002

Sala MM, Peters F, Gasol JM, Pedros-Alio C, Marrase C, Vaque D (2002) Seasonal and
spatial variations in the nutrient limitation of bacterioplankton growth in the northwestern
Mediterranean. Aquatic Microbial Ecology 27: 47-56

Sanders RW, Caron DA, Berninger UG (1992) Relationships between bacteria and
heterotrophic nanoplankton in marine and fresh waters: an inter-ecosystem comparison.
Marine Ecology Progress Series 86: 1-14

Schifer H, Bernard L, Courties C, Lebaron P, Servais P, Pukall R, Stackebrandt E,
Troussellier M, Guindulain T, Vives-Rego J, Muyzer G (2001) Microbial community
dynamics in Mediterranean nutrient-enriched seawater mesocosms: changes in the genetic
diversity of bacterial populations. FEMS Microbiology Ecology 34: 243-253

Schauer M, Balagué V, Pedrés-Alid C, Massana R (2003) Seasonal changes in the taxonomic
composition of bacterioplankton in a coastal oligotrophic system. Aquatic Microbial Ecology
31: 163-174

Schwalbach MS, Hewson [, Fuhrman JA (2004) Viral effects on bacterial community
composition in marine plankton microcosms. Aquatic Microbial Ecology 34: 117-127.

119



Schweitzer B, Huber I, Amann R, Ludwig W, Simon M (2001) a- and b-Proteobacteria
control the consumption and release of amino acids on lake snow aggregates. Applied and
Environmental Microbiology 67: 632-645

Sekar R, Pernthaler A, Pernthaler J, Warnecke F, Posch T, Amann R (2003) An improved
protocol for quantification of freshwater Actinobacteria by fluorescence in situ hybridization.
Applied and Environmental Microbiology 69: 2928-2935

Selje N and Simon M (2003) Composition and dynamics of particle-associated and free-living
bacterial communities in the Weser estuary, Germany. Aquatic Microbial Ecology 30:
221-237

Selje N, Simon M, Brinkhoff T (2004) A newly discovered Roseobacter cluster in temperate
and polar oceans. Nature 427: 445-448

Sell AF and Overbeck J (1992) Exudates: phytoplankton-bacterioplankton interactions in
PluB3see. Journal of Plankton Research 14: 1199-1215

Sherr EB, Sherr BF, SigmonCT (1999) Activity of marine bacteria under incubated and in
situ conditions. Aquatic Microbial Ecology 20: 213-223.

Shiah FK, Gong GC, Liu KK (1999) Temperature vs. substrate limitation of heterotrophic
bacterioplankton production across a trophic and temperature gradient in the East China Sea.
Aquatic Microbial Ecology 17 (3): 247-254

Shiah FK, Liu KK, Kao SJ, Gong GC (2000) The coupling of bacterial production and
hydrography in the southern East China Sea. Continental Shelf Research 20 (4/5): 459-477

Simon M (1987) Biomass and production of small and large free-living and attached bacteria
in Lake Constance. Limnology and Oceanography 32: 591-607

Simon M and Azam F (1989) Protein content and protein synthesis rates of planktonic marine
bacteria. Marine Ecology Progress Series 51: 201-213

Simon M, Cho BC, Azam F (1992) Significance of bacterial biomass in lakes and the ocean:
Comparison to phytoplankton biomass and biogeochemical implications. Marine Ecology
Progress Series 86: 103-110.

Simon M, Glockner FO, Amann R (1999) Different community structure and temperature
optima of heterotrophic picoplankton in various regions of the Southern Ocean. Aquatic

Microbial Ecology 18: 275-284

Simon M and Tilzer MM (2002) Bacterial response to seasonal changes in primary

production and phytoplankton biomass in Lake Constance Journal of Plankton Research 9:
535-552

Sommer U, Aberle N, Engel A, Hansen T, Lengfellner K, Sandow M, Wohlers J, Zollner E,

Riebesell U (2007) An indoor mesocosm system to study the effect of climate change on the
120



winter and spring succession of Baltic Sea phyto- and zooplankton. Oecologia 150 (4):
655-667

Siif} J, Schubert K, Sass H, Cypionka H, Overmann J, Engelen B (2006) Widespread
distribution and high abundance of Rhizobium radiobacter within Mediterranean subsurface
sediments. Environmental Microbiology 8: 1753-1763

Sverdrup HU (1953) On conditions for the vernal blooming of phytoplankton. Journal
Conseil Internatinal pour I’Exploration de la Mer 18: 287-295

Tanaka T, Thingstad TF, Lovdal T, Grossart HP, Larsen A, Allgeier M, Meyerhofer, Schulz
KG, Wohlers J, Zollner E, Riebesell U (2008) Availability of phosphate for phytoplankton
and bacteria at different pCO, levels in a mesocosm study. Biogeosciences 5 (3): 669-678

Thingstad TF and Rassoulzadegan F (1995) Nutrient limitations, microbial food webs, and
'biological C-pumps': Suggested interactions in a P-limited Mediterranean. Marine Ecology
Progress Series 117: 299-306.

Thingstad TF, Perez M, Pelegri S, Dolan J, Rassoulzadegan F (1999) Trophic control of
bacterial growth in microcosms containing a natural community from northwest
Mediterranean surface waters. Aquatic Microbial Ecology 18: 145-156

Thingstad TF and Rassoulzadegan F (1999) Conceptual models for the biogeochemical role
of the photic zone microbial foodweb, with particular reference to the Meduterranean Sea.
Progress in Oceanography 44: 271-186.

Thingstad TF, Krom MD, Mantoura RFC, Flaten GAF, Groom S, Herut B, Kress N, Law
CS, Pasternak A, Pitta P, Psarra S, Rassoulzadegan F, Tanaka T, Tselepides A, Wassmann P,
Woodward EMS, Riser CW, Zodiatis G, Zohary T (2005) Nature of Phosphorus Limitation in
the Ultraoligotrophic Eastern Mediterranean. Science 309: 1068-1071

Thouvenot A, Richardot M, Debroas D, Devaux J (1999) Bacterivory of metazooplankton,
ciliates and flagellates in a newly flooded reservoir. Journal of Plankton Research 21:
1659-1679.

Tilzer MM and Dubinsky Z (1986) Effects of temperature and day length on the mass
balance of antarctic phytoplankton. Polar Biology 7: 35-42

Urban JL, MacKenzie CH, Deibel D (1992) Seasonal Differences in the Content of
Oikopleura vanhoeffeni and Calanus finmarchicus feceal pellets: illustrations of zooplankton
foodweb shifts in coastal New Foundland waters. Marine Ecology Progress Series 84: 255-

264

Utermohl H (1958) Zur Vervollkommnung der quantitativen Phytoplankton-Methodik. Mitt.
Int. Verein. Limnol. 9: 1-38

van Es FB, Meyer-Reil LA (1982) Biomass and metabolic activity of heterotrophic bacteria,
Vol 6. Plenum Publishing Corp., New York

121



Wallner G, Amann R, Beisker W (1993) Optimizing fluorescent in situ hybridization with
rRNA-targeted oligonucleotide probes for flow cytometric identification of microorganisms.
Cytometry 14: 136-143

Wasmund N, Nausch G, Matthaus W (2006) Phytoplankton spring blooms in the southern
Baltic Sea - spatio-temporal develpoment and long-term trends. Journal of Plankton Research
20: 1099-1117.

Weinbauer MG and Hofle MG (1998) Significance of viral lysis and flagellate grazing as
factors controlling bacterioplankton production in a eutrophic lake. Applied Environmental
Microbiology 64: 431-438

Welschmeyer NA (1994) Fluorometric analysis of chlorophyll a in the presence of
chlorophyll b and phaeopigments. Limnology and Oceanography 39: 1985-1992

Wheeler P, Kirchman DL (1986)Utilization of inorganic and organic nitrogen by bacteria in
marine systems. Limnology and Oceanography 31: 998-1009

Wiebe WJ, Sheldon WM, Pomeroy LR (1993) Evidence of an enhanced substrate
requirement by marine mesophilic bacterial isolates at minimal growth temperatures.
microbial Ecology 25: 151-160

Woese CR (1987) Bacterial Evolution. Microbial Molecular Biological Reviews 51 (2): 221-
271

Wright RT and Coffin RB (1984) Measuring microzooplankton grazing on planktonic
marine bacteria by its impact on bacterial production. Microbial Ecology 10: 137-149

Yager PL, Connelly TL, Mortazavi B, Wommack KE, Bano N, Bauer JE, Opsahl S,
Hollibaugh JT (2001) Dynamic bacterial and viral response to an algal bloom at subzero
temperatures. Limnology and Oceanography 46: 790-801

Yannarell AC and Triplett EW (2004) Within- and between-lake variability in the
composition of bacterioplankton communities: Investigations using multiple spatial scales.
Applied and Environmental Microbiology 70: 214-223

Zweifel UL, Norrman B, Hagstrom A (1993) Consumption of Dissolved Organic Carbon by
Marine Bacteria and Demand for Inorganic Nutrients. Marine Ecology Progress Series 101:
23-32

Zweifel UL, Wikner J, Hagstrom A, Lundberg E, Norman B (1995) Dynamics of Dissolved
Organic Carbon in a Coastal Ecosystem. Limnology and Oceanography 40: 299-305

Zwisler W, Selje N, Simon M (2003) Seasonal patterns of the bacterioplankton community
composition in a large mesotrophic lake. Aquatic Microbial Ecology 31: 211-225

122



Table of figures/tables

Introduction

Fig. 1: Temperature dependence as represented by Q;o values of the interaction between

phytoplankton production and bacterial degradation

Fig. 2: Climate chamber with mesocosm containing ~1200 L of sea water; devices for direct

lighting from above in inclined position

Tab. 1: Overview of the designs of the experiments conducted and analysed for the presented

work

Chapter 1 - The effects of rising temperatures on a planktonic community during
an induced phytoplankton spring bloom

Fig. 1: Development of environmental parameters measured during course of experiment
Fig. 2: Dynamics of nutrient concentrations during course of experiment
Fig. 3: Dynamics of phyto- and metaozooplankton druing course of experiment

Fig. 4: Development of phyto- and bacterioplankton during course of experiment (biomass

and total bacterial numbers)

Fig. 5: Dynamics of highly active bacteria (CTC positive cells) and heterotrophic

nanoflagellates (HNF) during course of experiment

Fig. 6: Percentages of highly active cells of total bacterial numbers for both parallels at all

four temperatures and over the course of the experiment

Fig. 7: Development of highly active bacteria (CTC positive cells) and virus-like particles

(VLP) during course of experiment for the four temperature treatments

Fig. 8: Genetic fingerprint of the not-attached bacterial community at the two temperature

extremes

Fig. 9: Cluster analysis of the genetic fingerprint shown in Fig.8

123



Fig.10: Cluster analysis of the genetic fingerprint of the eukaryotic community

Tab. 1: Phylogenetic affiliation, band identification of excised bands for the bacterial not-

attached fraction at the extreme temperatures

Chapter 2 — Temperature effects on the bacterial community composition during
an algal spring bloom: a mesocosm study

Fig. 1: (A) Temperature and salinity progression over experiment (B) Chlorophyll a
concentration for both parallels at warm and cold temperatures over algal bloom (C) total
bacterial numbers for both parallels in warm and cold tanks over experiment (D) dynamics of

particle-attached bacterial cell numbers for both parallels over algal bloom

Fig. 2: CARD-FISH counts of bacterial groups a- (ALF), B- (BET), y-Proteobacteria (GAM)
and Bacteroidetes (CFB) for NA and PA fraction

Fig. 3: DGGE fingerprints of (A) not-attached [NA] and (B) particle-attached fraction for

several points of time over phytoplankton bloom at cold and warm temperatures

Fig. 4: Curve based cluster analysis (UPGMA = unpaired group method of analysis) of
DGGE fingerprint banding patterns (Fig.3) for two parallels (I /II) of not-attached [NA] and

particle-attached [PA] fraction at cold and warm temperatures

Tab. 1: Band identification (band ID) and phylogenetic affiliation of excised bands for the
bacterial not-attached [NA] and particle-attached [PA] fraction at the temperature extremes

Chapter 3 — Shifts in the bacterial community composition during an induced
algal bloom under the influence of rising temperatures and different nutrient
regimes

Fig. 1: The dynamics of the nutrient concentrations during course of experiment [ nitrate (A);
ammonium (B), silicate (C) and phosphate (D)]

Fig. 2: Chlorophyll a concentration for both parallels during course of experiment for all

three temperature treatments

Fig. 3: Counts for NA (curves) and PA (bars) bacterial numbers during the course of the

experiment

124



Fig. 4: Leucine incorporation for high (A) and low (B) N concentrations

Fig. 5: CARD-FISH counts of bacterial groups a- (ALF), B- (BET), y-Proteobacteria (GAM)
and Bacteroidetes (CFB) for the NA bacterial community

Fig. 6: CARD-FISH counts of bacterial groups a- (ALF), B- (BET), y-Proteobacteria (GAM)
and Bacteroidetes (CFB) for the PA bacterial community

Fig. 7: DGGE fingerprints of 16S rRNA based cDNA (eubacterial primers 358f GC and
907rM) for one parallel of the non-attached bacterial fraction at high and low N
concentrations for several points of time over phytoplankton bloom at three temperature

treatments

Fig. 8: Curve based cluster analysis of DGGE fingerprint banding patterns of the non-

attached bacterial fraction at high and low N concentrations and three temperature treatments

Fig. 9: DGGE fingerprints of 16S rRNA based cDNA (eubacterial primers 358f GC and
907rM) for the particle-attached bacterial fraction at high and low N concentrations for

several points of time over phytoplankton bloom at three temperature treatments

Fig.10: Fig.10: Curve based cluster analysis of DGGE fingerprint banding patterns of the
particle-attached bacterial fraction at high (A) and low (B) N concentrations and three

temperature treatments

Tab. 1: Phylogenetic affiliation, band Identification of excised bands for the bacterial not-
attached and particle-attached fraction at all temperatures and low as well as high N

concentrations

125



Erklirung

Die Kapitel 1-3 der vorliegenden Arbeit werden als Beitrdge bei Fachzeitschriften eingereicht.

Im Folgenden wird mein Beitrag an diesen zukiinftigen Manuskripten erldutert:

e Walther, K., Breithaupt, P., Lengfellner, K., Wohlers, J., Hoppe, H.-G., Sommer, U.
und Jiirgens, K. (2008) The effects of rising temperatures on a planktonic community

during an induced phytoplankton spring bloom (In Vorbereitung zur Einreichung bei
Aquat. Microb. Ecol.)

Planung, Durchfiithrung und Beprobung des Mesokosmosexperiments; Durchfithrung der
PCR, DGGE, Clusteranalyse sowie Identifizierung der Sequenzen fiir Eu- und Prokaryoten;
quantitative Bestimmung der Nanoflagellaten und virusdhnlichen Partikel; Durchfithrung der
CTC-Fixierungen und Auswertung der entsprechenden FCM-Zéhlungen; Erstellen der
Erstfassungen des Manuskripts; Korrektur durch Prof. Klaus Jiirgens.

e  Walther, K., Breithaupt, P., Lengfellner, K., Wohlers, J., Hoppe, H.-G., Sommer, U.
und Jiirgens, K. (2008) Temperature effects on the bacterial community composition
during an algal spring bloom: a mesocosm study (In Vorbereitung zum Einreichen bei

Aquat. Microb. Ecol.)

Planung, Durchfithrung und Beprobung des Mesokosmosexperiments, Durchfiihrung der
RNA-Extraktion, PCR, DGGE, Clusteranalyse sowie Identifizierung der bakteriellen
Sequenzen; Durchfithrung der CARD-FISH-Analyse; Erstellung der Erstfassungen des
Manuskripts; Korrektur durch Prof. Klaus Jirgens.

e Walther, K., Breithaupt, P., Wohlers, J., Riebesell, U. (2008) Shifts in the bacterial
community composition during an algal bloom under the influence of rising
temperatures and different nutrient regimes (In Vorbereitung zur Einreichung bei

Aquat. Microb. Ecol.)

Planung der Durchfiithrung und Beprobung des Experiments; Durchfithrung der RNA-
Extraktion, PCR, DGGE und Clusteranalyse; Durchfithrung der CARD-FISH-Analyse;
Erstellen der Erstfassung des Manuskripts; Korrektur durch Prof. Ulf Riebesell.

126



Publikationsliste

Veroffentlichungen in Zeitschriften

Hoppe, H.-G., Breithaupt, P., Walther, K., Koppe, G., Bleck, S., Sommer, U., Jirgens, K.
2008. Climate warming in winter affects the coupling between phytoplankton and

bacteria during the spring bloom: a mesocosm study. Aquatic Microbial Ecology 51: 105-

115

Tagungsbeitrige

Vortrige

Walther, K., Bleck, S., Hoppe, H.-G., Jirgens K. 2005. The influence of different
temperatures and phytoplankton communities on bacterial activity and composition. 1.

Annual Meeting AQUASHIFT, 29. September, Kiel, Deutschland.

Walther, K., Breithaupt, P., Sommer, U., Hoppe, H.-G., Jiirgens, K. 2006. How do different
temperature regimes affect bacterial activity and community composotion during an algal

spring bloom? 2. Annual Meeting AQUASHIFT, 14. November, Kiel, Deutschland.

Walther, K., Breithaupt, P., Sommer, U., Hoppe, H.-G., Jiirgens, K. 2006. Bacterial
community composition along a temperature gradient during an algal spring bloom — a

mesocosm study. Baltic Sea Science Conference, 20. Mérz, Rostock, Deutschland.

Walther, K., Breithaupt, P., Sommer, U., Hoppe, H.-G., Jirgens, K. 2007. Bacterial
community composition along a temperature gradient during an algal spring bloom — a
mesocosm study. 42nd European Marine Biology Symposium, 27. August, Kiel,
Deutschland.

Walther, K., Breithaupt, P., Sommer, U., Hoppe, H.-G., Jiirgens, K. 2007. Bacterial
community structure and cell-specific activity along a temperature gradient during an
algal spring bloom. 37th Annual Conference of the Ecological Society of Germany,
Switzerland and Austria (GfO), 12. September, Marburg, Deutschland

127



Posterbeitrige

Walther, K., Sommer, U., Hoppe, H.-G., Jiirgens, K. 2006. Composition of the bacterial
community in a temperature-modulated mesocosm system during an algal spring bloom.
Jahrestagung der Vereinigung fiir Allgemeine und Angewandte Mikrobiologie

(VAAM)19.-22. Mirz, Jena, Deutschland.

Walther, K., Sommer, U., Hoppe, H.-G., Jiirgens, K. 2006. Bacterial community structure
and cell-specific activity along a temperature gradient during an algal spring bloom. 2.

Annual Meeting AQUASHIFT, 14.-16. November, Kiel, Deutschland.

Walther, K., Sommer, U., Hoppe, H.-G., Jiirgens, K. 2006. Composition of the bacterial
community in a temperature-modulated mesocosm system during an algal spring bloom.
11th International Symposium on Microbial Ecology (ISME), 20.-25. August, Wien,

Osterreich.

Vortrige als geladene Sprecherin

Walther, K. 2007. Die bakterielle Gemeinschaftsstruktur unter dem Einfluss erh6hter
Frithjahrstemperatur, 22.November 2007 vor der Abteilung Marine Mikrobiologie am
IFM-GEOMAR, Kiel

128



Danksagung

Mein Dank gilt Prof. Klaus Jiirgens fiir die Gelegenheit zur Mitarbeit und Promotion im DFG-
Schwerpunktprogramm AQUASHIFT und seiner Arbeitsgruppe am Institut fiir
Ostseeforschung Warnemiinde. Auch die Teilnahme an einem internationalen methodischen
Workshop in Banyuls sur Mer wire ohne Prof. Jiirgens® Unterstiitzung nicht moglich gewesen
und ich bin dankbar fiir die zahlreichen Erfahrungen und Kontakte, die ich wiahrend meiner

drei Jahre in Rostock und Kiel machen und kniipfen durfte. Ebenso danke ich Prof. Dr. Hans-
Georg Hoppe fiir seine Betreuung als Co-Projektleiter wihrend der Experimente in

Kiel sowie Prof. Dr. Ulrich Sommer als Koordinator des Schwerpunktprojekts AQUASHIFT.
An dieser Stelle auch herzlichen Dank an Dr. Bernd Schneider als Mitglied meines Thesis
Committees, dessen konstruktive Beitrdge auf diversen Sitzungen auch dem

meereschemischen Aspekt dieser Arbeit Rechnung trugen.

Fiir die unkomplizierte Ubernahme der Aufgabe des Gutachters sowie fiir zahl- und immer
sehr hilfreiche fachliche Diskussionen mdéchte ich Dr. Thorsten Brinkhoff, dem dritten
Mitglied meines Thesis Committees, ganz besonders danken. Seine unendliche Geduld, Ruhe
und auBerordentlich freundliche Bestimmtheit beim regelméfigen Einnorden und Ermutigen
waren ein unschitzbar wertvoller Fixpunkt wihrend jedes Abschnitts dieser Promotion. Mein
allerherzlichster Dank gilt auBerdem Prof. Ulf Riebesell fiir sein duflerst hilfsbereites,
unproblematisches und kurzfristiges Einsteigen in das Betreuer-Team gegen Ende der Arbeit,

sowie fiir die konstruktive und prompte Erfiillung dieser fiir ihn unverhofften Aufgabe.

Fiir fachlich-technische Unterstiitzung mein herzlichstes Dankeschon an Heike Brockmdéller
und Annett Griittmiiller am IOW sowie Regine Koppe am [fM-Geomar. Rolf Weinert mochte
ich fiir die prompte und unkomplizierte Beschaffung der Reinkultur von Skeletonema
costatum danken, ohne die das Flaschenexperiment im Sommer 2007 nicht méglich gewesen
wire. In diesem Zusammenhang ein ausdriickliches Dankeschon an Petra Breithaupt fiir ihren

selbstlosen Einsatz — Du weil}t, was gemeint ist!

Den Mitgliedern der Arbeitsgruppe am IOW danke ich sehr, sehr herzlich fiir ihre nie
nachlassende Unterstiitzung. Der fachliche Rat von Dr. Giinter Jost und Dr. Matthias Labrenz
war immer wertvoll und duflerst willkommen. Ganz besonderen Dank an Heike Brockmoller,

Jana Grote, Michael Hannig, Christian Stolle, Kirsten Isensee und Solveig Kiihl fiir fachliche

129



Unterstiitzung und die wunderbare Atmosphére: Schokokaffee und Tee, verstdndnisvolle und
geduldige Ohren, gro3e Herzen und immer offene Arme! Genau das Gleiche gilt fiir die
»Kiel-unit* Petra Breithaupt, Kathrin Lengfellner, Julia Wohlers und Eckhard Zollner — was
wire AQUASHIFT wéhrend, zwischen und nach den Experimenten ohne Euch gewesen?
Danke fiir fachlichen Austausch, grenzenlose Empathie und Freundschaft — und nie

vergessen: It’s the light, Baby!

Allerbesten Dank an die lieben Menschen au3erhalb des Projekts und auflerhalb der
Wissenschatft, die unbeirrbare, tapfere BegleiterInnen wéhrend dieser Arbeit waren und sich
auch wihrend der schwierigen Phasen nicht haben abschrecken lassen. Besonders die
Freundschaft, die unerschiitterliche Geduld und das Einfithlungsvermdgen meiner beiden
mikrobiell-6kologischen Patentanten Beate Rink und Beate Kopke waren wichtiger und
hilfreicher, als ich es in irgendeinem Telefonat, einer E-Mail oder einem personlichen
Gesprédch hitte zum Ausdruck bringen konnen. Mein ganz besonderer Dank gilt auch Daniela
Hannig, Gisela Best, Jana de Blank und Carrie McMaster fiir jedes Zuhoren und Auffangen —

in den besseren und in den weniger einfachen Zeiten.

Meiner Familie danke ich von ganzem Herzen fiir die bedingungs- und vorbehaltlose
Unterstiitzung auf dem langen und nicht immer einfachen Weg von der Sonderpadagogik zur
Promotion in den Meereswissenschaften. Ich kann Euch nicht sagen, was es fiir mich
bedeutet, dass Ihr meine Entscheidung zum ersten Schritt auf diesem Weg allen Widrigkeiten
zum Trotz mitgetragen und mit mir bis zum Ende gefeiert, gefiihlt, gebangt und gekampft
habt. Der uneingeschrankte Riickhalt, den ich durch Euch auf jeder Ebene erfahren habe, und

Eure absolute Anteilnahme stecken auf jeder Seite dieser Arbeit — Danke!

130



