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SUMMARY 

 

This dissertation addresses the response of the bacterial community structure and function to 

highly variable supply regimes of inorganic and organic matter in a dynamic coastal marine 

ecosystem of the Gulf of Trieste. One of the main objectives of this thesis was to examine the 

seasonality of bacterial community dynamics due to variable environmental conditions in the 

Gulf of Trieste during the years 2009 and 2010. The conclusion of this study is that the 

fluctuations in ambient seawater temperature, phytoplankton blooms and variable nutrient 

conditions affect bacterial community dynamics in the Gulf of Trieste. The clustering of the 

bacterial communities' DNA fingerprints showed distinct ‘winter’ and ‘summer’ clusters in both 

years. Results from 16S rRNA gene clone libraries showed that within Alphaproteobacteria the 

SAR11 clade positively correlated with salinity and was detected in higher percentages during 

low-nutrient seasons, while Rhodobacteriaceae positively correlated with orthophosphate 

concentrations and were detected in higher percentages in periods with higher chlorophyll a and 

during diatom blooms. Gammaproteobacteria showed a preference for the autumn period, while 

Flavobacteria were detected in higher percentages in late spring-early summer. Interestingly, 

higher percentages of Actinobacteria and Verrucomicrobia, common freshwater species, were 

detected during periods of lower salinity. In addition Verrucomicrobia positively correlated with 

orthophosphate concentration, indicating the impact of freshwater discharges on bacterial 

community composition in the Gulf of Trieste. 

Highly variable conditions in the Gulf of Trieste influence the frequency of massive 

macroaggregate formations and jellyfish blooms. The details of microbial processes during these 

events are still poorly understood, therefore the next objective of this thesis was to examine 

changes in bacterial community dynamics during such events. The inorganic phosphorous 

enrichment experiment showed that one single impulse of orthophosphate to the phosphorous-

limited system of the Gulf of Trieste resulted in an intense phyto- and bacterio-plankton bloom 

that persisted in the system for a considerable time. We hypothesize that regeneration of 

phosphorous by bacteria maintained high carbon fixation by phytoplankton which led to the 

accumulation of dissolved and particulate organic carbon and gel particle formation in the 

system. During the experiment, bacterial community structure changed, with higher percentages 



x 

of Rhodobacteriaceae and Flavobacteria detected during the healthy phytoplankton bloom and a 

higher Gammaproteobacteria percentage during the decay phase of the bloom. The jellyfish 

substrate enrichment experiment showed that the addition of organic-rich jellyfish substrate 

resulted in an increase in dissolved proteins, dissolved organic phosphorous and orthophosphate 

concentrations that triggered an increase in the bacterial community growth rate, leading to the 

accumulation of ammonium and lower, but still significant, dissolved organic phosphorous and 

orthophosphate concentrations in the Gulf of Trieste and Big Lake experiments. In turned out, 

that P. noctiluca and R. pulmo are better substrates for ambient bacteria than Aurelia sp. and that 

the addition of Aurelia sp. resulted in a greater response and the perturbation of the bacterial 

community in the Gulf of Trieste, compared to Big Lake. The most pronounced change in 

bacterial community composition was the complete ‘disappearance’ of Alphaproteobacteria, 

which were replaced by ‘cultivatable’ Gammaproteobacteria and Flavobacteria in the jellyfish-

enriched bottles. 

In the study of deoxyribonucleside kinases (dNKs) in aquatic bacteria we showed that several 

examined aquatic bacterial genomes possess genes encoding putative dNKs and have a potential 

to salvage deoxyribonucleosides (dNs). We showed that Gram-negative Bacteroidetes, F. 

psychrophilum JIP02/86 and Polaribacter sp. MED 152, can efficiently phosphorylate thymidine 

(dT) as well as deoxyadenosine (dA) and to some extent also deoxycytosine (dC). However, the 

stability of their thymidine kinases (TK1s) seems to be greatly influenced by temperature. 

Therefore, incorporation of 
3
H-thymidine (

3
H-dT) can indeed be used as a reflection of the 

growth potential of these two aquatic bacteria, however precautions should be taken with the 

temperature of the enzymatic assay. The ability of various bacteria to incorporate externally 

added 
3
H-dT into newly synthesized DNA has been questioned in the past, therefore bacteria 

biomass production has been largely measured using the 
3
H-Leucine incorporation method 

instead. Our results show that a majority of sequenced aquatic Betaproteobacteria lack TK1-like 

genes, which means that a whole fraction of the aquatic bacterial community might be 

overlooked when measuring bacterial biomass production using the 
3
H-dT incorporation method. 
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POVZETEK 

 

Osrednja tema doktorske naloge je vpliv spremenljivih vnosov anorganskih in organskih hranil 

na strukturo in funkcijo bakterijske zdruţbe v morskem ekosistemu Trţaškega zaliva (Severni 

Jadran). V letih 2009 in 2010 smo spremljali sezonsko dinamiko bakterijske zdruţbe glede na 

spreminjajoče okoljske dejavnike kot so temperatura, koncentracija anorganskih hranil in 

biomasa fitoplanktona. Analiza strukture bakterijske zdruţbe, narejena s pomočjo metode 

denaturacijske gradientne gelske elektroforeze, kaţe na zdruţevanje bakterij v ‘zimsko’ in 

‘poletno’ skupino. Rezultati analiz 16S rRNA klonskih knjiţnic potrjujejo prisotnost 

Alfaproteobakterij, Gamaproteobakterij, Bakteroidet in Cianobakterij v Trţaškem zalivu. 

Znotraj Alfaproteobakterij je pomembna skupina SAR11, katere povišana prisotnost sovpada z 

obdobji višjih slanosti in niţjih koncentracij anorganskih hranil, medtem ko višji odstotek 

skupine Rhodobacteriaceae sovpada s povišanimi koncentracijami ortofosfata in klorofila a ter 

obdobji cvetenja kremenastih alg. Gammaproteobakterije so prisotne predvsem v jesenskem 

obdobju, medtem ko Flavobakterije pogostje nastopajo spomladi in zgodaj poleti. Tipične 

sladkovodne vrste bakterij, kot so Actinobakterije in Verrucomicrobiae, so v 16S rRNA klonskih 

knjiţnicah bolj prisotne v obdobjih niţjih slanosti, slednje sovpadajo tudi s povišanimi 

koncentracijami ortofosfata, kar nakazuje na vpliv vnosa sladke vode na strukturo bakterijske 

zdruţbe v Trţaškem zalivu. 

Velike spremembe okoljskih parametrov v Trţaškem zalivu vplivajo na frekvenco in intenziteto 

evtrofikacijskih pojavov kot sta sluzenje morja in masovno pojavljanje ţelatinoznega 

zooplanktona. Vloga posameznih vrst morskih bakterij v mikrobnih procesih, ki potekajo ob 

takšnih pojavih je v veliki meri še neznana. Za boljše razumevanje mikrobnih procesov smo 

izvedli obogatitvene eksperimente, kjer smo spremembe sledili v kontroliranih razmerah. V 

obogatitvenem eksperimentu z anorganskimi hranili je enkraten dodatek ortofosfata povzročil 

pospešeno rast fito- in bakterio-planktona v morski vodi Trţaškega zaliva, kjer je forfor pogosto 

omejujoč element mikroplanktonske produkcije. Tekom eksperimenta je bakterijska regeneracija 

hranil ohranjala razmeroma visoko biomaso fito- in bakterio-planktona v sistemu, v 

primerjavami z letnimi rezultati v Trţaškem zalivu. Glede na rezultate razmerja med 

raztopljenim organskim ogljikom in fosforjem, lahko sklepamo na selektivno regeneracijo 

fosforja ter posledično kopičenje z ogljikom bogate raztopljene in partikulatne organske snovi ter 
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tvorbo gelskih partiklov v morski vodi. Tekom eksprimenta se je spreminjala tudi struktura 

bakterijske zdruţbe. V času cvetenja fitoplanktona, smo zaznali večji odstotek 

Rhodobacteriaceae in Flavobakterij, kasneje, v fazi razpada fitoplanktonske populacije pa porast 

Gammaproteobakterij. Mnoţično pojavljanje klobučnjaških meduz je vse bolj pogost pojav po 

svetu in tudi v Jadranskem morju. Pojav povzroča gospodarsko škodo in negativno vpliva na 

ekološko stanje morskega okolja. Meduze so v večji meri sestavljene iz vode, vendar pa 

razmeroma velika količina proteinov v njihovih tkivih, katera se sprosti v okolje pri procesih 

razgradnje, vzpodbudi povečano rast naravne bakterijske zdruţbe. Posledično razgradnja 

organsko bogatega meduznega substrata, povzroča sproščanje večjih količin amonija, 

organskega in anorganskega fosforja v okolje, kar smo potrdili z eksperimenti v Trţaškem zalivu 

in v Velikem jezeru (Mljet, Juţni Jadran). Rezultati ekperimentov so pokazali, da so tkiva 

poginulih meduz P. noctiluca in R. pulmo zaradi kemične sestave boljša substrata za rast 

bakterijske populacije, kot tkivo Aurelia sp. Poleg tega, smo glede na dodan substrat Aurelia sp., 

zaznali razlike v spremembah strukture in dinamike bakterijske zdruţbe v Trţaškem zalivu, v 

primerjavi z Velikim jezerom. Pomembna sprememba v sestavi bakterijske zdruţbe tekom 

obogatitvenega eksperimenat je bila popolno ‘izginotje’ Alfaproteobakterij ter prevlada 

Gammaproteobakterij in Flavobakterij. 

Raziskava deoksiribonukleozid kinaz (dNKs) pri bakterijah iz vodnega okolja, je pokazala, da 

genomi številnih vodni bakterij vsebujejo gene, ki kodirajo encime dNK. Pokazali smo, da 

Gram-negativi Bakteroideti, Flavobacterium psychrophilum JIP02/86 in Polaribacter sp. MED 

152, uspešno fosforilirata timidin (dT) ter deoksiadenozin (dA) in do neke mere tudi 

deoksicitidin (dC). Stabilnost njunih timidinskih kinaz (TK1) je zelo odvisna od temperature, na 

kar moramo biti pozorni tudi pri meritvah hitrost rasti bakterij, s pomočjo metode , ki temelji na 

vgradnji radioaktivno označenih spojin, kot je 
3
H-timidin (

3
H-dT) v novo sintetizirano DNK. V 

preteklosti je bila sposobnost fosforilacije ter vgradnje 
3
H-dT v novo sintetizirano DNA pri 

vodnih bakterijah predmet polemike, zato se je 
3
H-dT inkorporacijska metoda za določevanje 

rasti bakterijske populacije v veliki meri opustila in je bila zamenjana z metodo, ki temelji na 

vgrajevanju 
3
H-Leucina v novo sintetizirane beljakovine. Rezultati naše študije kaţejo, da večina 

preučevanih Betaproteobakterij ne poseduje genov za TK1 kinaze in je zato ocena rasti celotne 

bakterijske populacije z uporabo 
3
H-dT inkorporacijske metode lahko podcenjena. 
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1 INTRODUCTION 

 

Oceans and seas represent the largest part of the Earth’s biosphere. Marine microbes are capable 

of growing in all marine habitats and consequently are the most abundant group of organisms on 

the planet (Kirchman et al., 2008). Marine microbes include all organisms that are smaller than 

about 100 µm, including cyanobacteria, autotrophic and heterotrophic bacteria, archaea, 

eukaryotic phytoplankton and a diverse array of protists (single-celled eukaryotes). Diverse types 

of marine microbes carry out different types of metabolism and therefore are involved in almost 

all biogeochemical cycles (C, N, P, S, Fe, Si) and processes occurring in the ocean (Kirchman et 

al., 2008). The role that marine microbes play in the biogeochemical dynamics of the natural 

marine ecosystem is the central topic of marine microbial ecology. Over the last few decades an 

unimaginable advance has occurred in this field. Several discoveries made in the recent past have 

revealed that approximately half of the phostosynthetically produced organic matter in the ocean 

moves via dissolved organic matter (DOM) into heterotrophic bacteria and the ‘microbial loop’ 

(Furhman and Azam 1982; Azam et al., 1983). As a result, the uptake of organic matter by 

bacteria is a major carbon-flow pathway and its variability can change the overall patterns of 

carbon flux (Azam 1998; Azam and Malfatti, 2007). Most DOM (labile DOM) is rapidly 

respired back to CO2 or assimilated by diverse microbes, however the recently proposed concept 

of a microbial carbon pump (MCP) suggests that the microbial metabolism of labile DOM and 

trophic interactions within the microbial loop generate refractory DOM (RDOM) (Jiao et al., 

2010). The central questions of the MCP concern the structure-specific molecular consequences 

of microbe and organic matter interactions (Jiao and Azam, 2011). However, the interactions of 

bacteria with organic matter in the ocean and their consequences for ecosystem functioning are 

only beginning to be understood. The application of molecular, genomic and metagenomic 

approaches in the field of marine microbial ecology is transforming our view of the distribution 

and diversity of marine microbes. Characterization of the bacterial community structure is a 

central object of study in the field of microbial ecology and it can yield much information on the 

functional aspects of the microbial community, including their role in biogeochemical processes. 

Advances in sequencing technology have made it possible to gather very large amounts of 

sequence data from a few samples, which allow us to study fundamental issues, like the seasonal, 

vertical and biogeographical distribution of bacterioplankton communities (Treusch et al., 2009; 
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Yokokawa et al., 2010; Alonso et al., 2010). Recent explorations of the relationship between 

bacterial community structure and organic matter influxes in the ocean (Cottrell and Kirchman 

2000; Elifantz et al., 2005; Malmstrom et al., 2005; Giebel et al., 2011; Woyke et al., 2009) have 

suggested that the composition together with variable supply regimes of organic matter are 

probably one of the major factors governing the diversity of bacterial communities in the ocean. 

Therefore, the link between bacterial diversity and the cycling of organic matter needs to be 

addressed further. 

 

This dissertation addresses the response of the bacterial community structure and function to 

highly variable supply regimes of inorganic and organic matter in a dynamic coastal marine 

ecosystem. The Gulf of Trieste is the northernmost part of the Adriatic Sea and it is characterized 

by a shallow water column, large temperature variations and a strong seasonal stratification. 

River discharges influence the dynamics of salinity and nutrients in the Gulf of Trieste. The 

broad variability of environmental factors is reflected in microbial plankton dynamics - high 

seasonal variations of biomass and productivity were found for the zooplankton, phytoplankton 

and bacterioplankton communities (Celussi et al., 2010; Turk et al., 2007; and references 

therein). However, despite its importance, knowledge of bacterial community dynamics 

(abundance, productivity and structure) and how it is affected by highly varible environmental 

conditions is scarce. Therefore, the first aim of this thesis is to examine the seasonality of 

bacterial community dynamics due to different environmental conditions in the Gulf of Trieste. 

 

On this foundation the objective was to further investigate how variable supply regimes of 

different inorganic and organic resources affect the function and diversity of the bacterial 

community in the Gulf of Trieste. Highly variable conditions in the pelagic ecosystem of the 

Gulf of Trieste influence the frequency of blooms, the occurrence of harmful toxic algal species, 

the mucilage phenomenon, hypoxia/anoxia events and the swarming of gelatinous zooplankton 

(Turk et al., 2007). The details of microbial processes during these events are still poorly 

understood and it remains unclear how bacterial community structure and function is linked to 

phenomena such as the massive aggregations of mucilage or jellyfish. Therefore, the second aim 

of this thesis is to examine changes in bacterial community dynamics (in terms of abundance, 

productivity and structure) during unusual, but regular events, such as the mucilage phenomenon 
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and the massive appearances of jellyfish in the Gulf of Trieste. Enrichment experiments 

performed in mesocosms incubated in situ were done to simulate different possible scenarios 

experienced by the bacterial community in the Gulf of Trieste. 

 

Recently, research in the field of aquatic microbial ecology has been focused on the wide 

diversity of marine bacterial species as a source of new genes that could be interesting from both 

an academic and applied point of view. Genomics provides access to many genes that drive the 

biogeochemical activities of marine microbes and serves as an important step toward 

understanding their role in the ocean environment. Many new species, new protein families, 

metabolic processes and pathways in marine systems have recently been discovered. New 

cultivation approaches have led to the isolation of many new microbial species (Giovannoni et 

al., 2007, Giovannoni and Ulrich, 2007) and bacteria isolate collections provide a source that can 

be screened for genes/proteins of interest. Advances in genome sequencing and bioinformatics 

also provide new tools for the field of marine microbial ecology and allow us to examine the 

genetic potential of marine bacteria. Therefore, the third aim of this thesis is to explore the 

diversity of marine bacterial communities as a source of new genes that could be interesting from 

both academic and applied points of view. 
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2 THEORETICAL BACKGROUND 

 

 

2.1  Bacteria in marine food webs 

 

Several discoveries made in the past have shown that bacteria dominate the abundance, 

metabolic activity and diversity of the ocean (reviewed in: Giovannoni and Stingl, 2005; DeLong 

and Karl, 2005; Pomeroy et al., 2007). However, in the past it was thought that bacteria were 

only an inconsequential part of the ocean's food web, because attempts to culture bacteria yielded 

only a few colonies. In addition, the role of bacteria in the marine ecosystem was thought to be 

only as decomposers. Microbial cells in seawater have been studied and enumerated primarily 

based on their ability to replicate and form colonies on nutrient rich, solid growth media, as well 

as on the morphological characteristics of cells observed under a microscope. Advances in the 

methods used for quantification of marine bacteria abundance created a revolution in marine 

microbial ecology during the 1970s-80s. Application of direct count assays, based on staining 

cells using different fluorochromes, filtering the cells down onto a membrane filter and 

examining the preparation using an epifluorescence microscope, revealed that the abundance of 

bacterial cells in seawater is orders of magnitude greater (~10
6
 bacteria per ml) than the counts 

made from bacterial colonies on agar plates had indicated (Hobbie et al., 1977; Porter and Feig, 

1980). This discrepancy, termed the ‘plate count anomaly’ (Staley and Konopka, 1985), 

suggested that a very large portion of bacterial diversity is composed of strains that had not yet 

been cultivated and were therefore unknown. The problem lies also in fact that marine bacteria 

are hard to tell apart by their appearance under the microscope, so count anomaly leaves 

scientists with an open question whether a heterotrophic microbial isolate growing on a plate is a 

rare community member or an abundant species. 

 

New methods for quantifying bacterial activity were developed at the beginning of the 1980s. 

The approach to measuring the rate of bacterial biomass production was, and still is, to assay the 

rate at which bacterial cells incorporate radio-labelled substrates into newly synthesized bio-

molecules (Furhman and Azam, 1982; Kirchman et al., 1985). The resulting data set of bacterial 

productivity in different marine environments revealed that heterotrophic bacteria are the major 
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consumers of phytoplankton production (Ducklow and Carlson, 1992; Ducklow et al., 2004). In 

the mesocosm experiment (= tracking changes over time within an isolated water mass) it was 

demonstrated that organisms smaller than 30 µm accounted for almost all of the respiratory 

activity in the ocean (Williams, 1981). The main reason for the dominance by bacteria is their 

size, or more specifically the relationship between surface area and volume. Large organisms 

have more surface area than smaller and also more transport systems and membranes for taking 

up dissolved compounds from the surrounding water. However, large organisms have more 

biomass or volume to support, the reason being surface area increases only as the square of the 

radius while volume increases as the cube. Consequently, the smallest microbes, bacteria, have 

the largest surface area-to-volume ratio of all microbes and this is one reason why marine 

bacteria are so important in material and energy fluxes in the marine ecosystem. Because of their 

large surface area-to-volume ratio these small but abundant organisms have the greatest ability to 

interact with chemical substances in seawater. The importance of marine bacteria in the ocean 

was first recognized for their role in the decomposition of organic material and the re-

mineralization of inorganic nutrients by Pomeroy in 1974 (reviewed in: Pomeroy et al., 2007). 

This idea that proposed microbes as the true movers of energy and nutrients in marine food webs 

was later formalized as the 'microbial loop' (Azam et al., 1983). A large fraction of primary 

production in the ocean becomes dissolved organic matter (DOM) by various mechanisms in the 

food web. This part of primary production is almost exclusively accessible to heterotrophic 

bacterioplankton. The ecological role of the heterotrophic bacterioplankton in the microbial loop 

is to facilitate the transformation of particulate organic matter (POM) to DOM (Azam et al., 

1983) or/and to re-mineralize DOM back to its inorganic constituents (Ducklow et al., 1986). 

The microbial loop channels energy and nutrients via bacteria to protozoa, to larger zooplankton 

and on to fish (Azam 1998; Azam and Long, 2001; Azam and Malfatti, 2007; Pomeroy et al., 

2007). The uptake of organic matter by bacteria is a major carbon-flow pathway and its 

variability can change the overall patterns of carbon flux (Azam 1998; Azam and Malfatti, 

2007). Most DOM (labile DOM) is rapidly respired back to CO2 or assimilated by diverse 

microbes. The recently proposed concept of a microbial carbon pump (MCP) suggests that 

microbial metabolism of labile DOM and trophic interactions within the microbial loop generate 

refractory DOM (RDOM), a persistent form of DOM that can survive for thousands of years, 

constituting a previously undescribed mechanism of carbon sequestration (Jiao et al., 2010) 
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The MCP provides a conceptual framework that describes how microbes are also DOM 

producers and contributors to the creation of RDOM. The central questions of the MCP concern 

the structure-specific molecular consequences of microbe and organic matter interactions (Jiao 

and Azam, 2011). Knowledge of how and which microbes are involved in POM and DOM 

transformation of different origins is crucial to understanding microbial carbon cycling in the 

ocean. 

 

 

2.2  Characterization of bacterial community structure 

 

Community structure is the characterization of the types of organisms present in an environment 

and the relative proportions of those types. It is one of the central objects of study in the field of 

microbial ecology and it can yield much information on the functional aspects of the microbial 

community, including biogeochemical processes. Community structure is commonly defined by 

the taxonomic or phylogenetic identification of the organisms. Until the application of 16S rRNA 

- based technology for identification of species, heterotrophic bacteria were squeezed together in 

a ‘black box’ in terms of species diversity. The ‘plate count anomaly’ suggested that a very large 

proportion of bacterial diversity was composed of strains that had not yet been cultivated and 

were therefore unknown (Staley and Konopka, 1985). Culture - independent genetic analyses of 

microbial communities, based upon extraction of DNA directly from biomass collected in the 

natural environment, followed by determination of gene sequences from DNA, reveal the true 

phylogenetic diversity of a given habitat. Such studies have been done widely on marine 

microorganisms and 16S rRNA sequences obtained in these studies gave a list of organisms, a 

code for their identification and their placement in phylogenetic trees (Giovannoni and Rappé, 

2000; DeLong and Karl, 2005; Moran and Armbrust, 2007). As it turned out most of the 

organisms detected by this approach had never been described before, probably because they 

were ‘uncultivatable’ (Rappé and Giovannoni, 2003). Application of the molecular genetics 

approach to understanding phylogenetic diversity and the gene function of bacteria has yielded 

exciting new information about microbes in the sea (Karl 2007). These remarkable results have 

changed our ideas about what bacteria are present in seawater and how they are distributed (Karl 

2007). Associated research has also revealed information on the ecological roles of different 
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bacteria (reviewed in Moran and Armbrust, 2007). However, the fact remains that the most 

efficient way to gather information about microorganisms is to study them in culture. Genomes 

are easily determined from pure cultures and cultures offer the best possibilities for testing 

hypotheses that emerge from genome sequencing or ecological studies. Therefore new 

cultivation methods and approaches are being developed, leading to the isolation of many new 

microbial species (Giovannoni et al., 2007, Giovannoni and Ulrich, 2007). Advances in 

sequencing technology have made it possible to gather very large amounts of sequence data from 

a few samples, which allow us to study fundamental issues like the seasonal, vertical and 

biogeographical distribution of bacterioplankton communities. The two main tools of 

environmental genomics that now exist, pure culture genomics and metagenomics, will be soon 

joined by a third: single-cell sequencing, which is enabled by ‘multiple - displacement 

amplification’ (MDA) (Dean et al., 2002). Examining distribution patterns of bacterial 

communities over time and space and how the composition is affected by different 

environmental factors is one of the approaches used to determine how bacteria relate to specific 

biogeochemical processes. Major challenges in marine microbial ecology include determining 

patterns of community structure and the structure-function relationship. 

 

Characterization of the bacterial community structure in the marine ecosystem has been widely 

done using DNA fingerprinting methods. Fingerprinting methods give a snapshot of the entire 

microbial community at once, with the ability to identify different components. One type of 

fingerprint analysis is denaturing gradient gel electrophoresis (DGGE), which separates PCR 

products on the basis of small differences in the sequences (Muyzer et al., 1993; Muyzer and 

Smalla, 1998). The dominant organisms are represented by different bands in such an analysis. A 

technique based on DGGE of PCR-amplified 16S rRNA genes is widely used to track the spatial 

and temporal differences between microbial assemblages and changes in the community 

structure due to different environmental factors (Riemann et al., 1999; Riemann et al., 2000; 

Fandino et al., 2001; Schafer et al., 2001; Alonso-Sáez et al., 2007; Riemann et al., 2008; Celussi 

et al., 2010; Weinbauer et al., 2010). Fingerprinting methods might be chosen in preference to 

cloning methods if one wishes to analyze and compare the composition of many samples, 

because fingerprinting detects even relatively rare organisms at low cost, yet also is highly 

amenable to statistical comparison. However, cloning has higher phylogenetic resolution and in 
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order to define the important populations in a new environment or at a particular point in time it 

is often necessary to study microbial diversity. Furthermore, archival listings of microbial 

diversity from a given habitat are crucial and fundamental for subsequent studies about the role 

and fate of microbes and consequently the ecology of the studied habitat. This is most commonly 

achieved by constructing 16S rRNA gene clone libraries, which means that full or partial 

sequences are amplified from environmental DNA by PCR with appropriate primer sets, ligated 

into commercially available plasmids and cloned into Escherichia coli. The sequences of vector 

inserts from an appropriate number of clones are then determined. Recent applications of novel 

high-throughput DNA sequencing techniques, like pyrosequencing (Margulies et al., 2005), is 

transforming metagenomics and facilitating the study of diversity and the functional ecology of 

marine microbial communities. 

 

Based on the 16S rRNA sequences obtained from the marine environment among the most 

represented groups of bacteria in seawater are Proteobacteria, in particular members of the 

Alphaproteobacteria class, within which members of the SAR11 clade are believed to be among 

the most common prokaryotes in the marine plankton community (Giovannoni and Rappé 2000, 

Malmstrom et al., 2005). Members of Gammaproteobacteria are also common however favour 

different enrichment conditions (Eilers et al., 2000). The importance of the Bacteroidetes group 

is increasingly recognized in a variety of marine environments (Alonso et al., 2007; Gómez-

Pereira et al., 2010). There is an increasing pool of evidence that Flavobacteria is the dominant 

class of Bacteroidetes (Chen et al., 2008). Studies of bacterioplankton community structure have 

shown that the composition changes with depth (Giovannoni et al., 1996; Acinas et al., 1999; 

Yokokawa et al., 2010), season (Rehnstam et al., 1993; Pinhassi et al., 1997; Murray et al., 1998; 

Pinhassi et al., 2006; Alonso-Sáez et al., 2007; Ducklow et al., 2009; Treusch et al., 2009 and the 

references therein), physicochemical parameters (Alonso et al., 2010 and the references therein), 

trophic gradients (Weinbauer et al., 2010), bottom-up factors (Kirchman et al., 2009; Van 

Wambeke et al., 2009) as well as in different macro- (Murray et al., 1996) and micro-

environments (DeLong et al., 1993; Bidle and Fletcher, 1995). Factors like predation, viruses, 

competition, symbiosis and nutrient type and availability (Pinhassi et al., 1999; Schafer et al., 

2001, Carlson et al., 2002; Pinhassi et al., 2006; Allers et al., 2007) were shown to affect changes 

in bacterial community composition. Shifts in bacterial species dominance have been observed 
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on a time scale of days to weeks (Rehnstam et al., 1993; Fandino et al., 1998; Riemann et al., 

2000). Recently researchers have begun to explore the relationship between bacterial community 

structure and organic matter fluxes in the ocean (Foreman and Covert 2003; Kirchman 2003). 

These studies have suggested that different phylogenetic groups of bacteria might express 

different phenotypic traits to uniquely exploit different organic matter resources (Kirchman et al., 

2005; Yokokawa et al., 2004; Yokokawa and Nagata, 2005). Ectohydrolytic enzyme activities 

and profiles were found to be highly variable among different bacterial isolates (Martinez et al., 

1996; Bidle and Azam 2001). It was shown that different groups of bacteria are adapted to utilize 

specific DOM substrate types (Cottrell and Kirchman 2000, Elifantz et al., 2005; Malstrom et al., 

2005). Alphaproteobacteria seem to be better adapted to low nutrient conditions and prevail in 

the marine ecosystems where fluxes of labile DOM often support a substantial fraction of 

bacterial metabolism (Pinhassi and Hagström 2000; Morris et al., 2005, Elifantz et al., 2005). 

Interestingly, within Alphaproteobacteria, SAR11 and Roseobacteraceae seem to exhibit 

contrasting lifestyles, with SAR11 being adapted to low-nutrient conditions and are important to 

the flux of low-molecular weight compounds, while Roseobacteraceae are well adapted to 

nutrient-rich conditions and respond rapidly to phytoplankton blooms (Giebel et al., 2011 and the 

references therein). Furthermore, Roseobacteraceae readily associate with organic surfaces 

(living and non-living) and they possess a repertoire of genes encoding functions expected to be 

pivotal in surface attachment and colonization (Slightom and Buchan 2009). In contrast to most 

Alphaproteobacteria, bacteria affiliated with Gammaproteobacteria and Bacteroidetes are 

known to have preferences for polymeric carbon sources and a distinct capability for surface 

adhesion (Simon et al., 2002 and the references therein; Bauer et al., 2006; Woyke et al., 2009). 

Both groups, Gammaproteobacteria and Bacteroidetes, were found to respond rapidly to 

phytoplankton blooms, in particular they were found as dominant colonizers of diatom detritus 

(Bidle and Azam 2001; Abell and Bowman 2005; Fandino et al., 2005; Gómez-Pereira et al., 

2010). Bacterial groups which are less common in the marine ecosystems like 

Betaproteobacteria, Actinobacteria and Verrucomicrobia, were found in higher numbers in 

marine environments with lower salinity and higher nutrient concentrations, especially in the 

coastal environment affected by river discharges and coastal runoff during stormy events 

(Alonso-Gutiérrez et al., 2009; Alonso et al., 2010; Warnecke et al., 2005). Studies of 

interactions between bacteria and distinct POM sources suggested a diverse set of specific 
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bacterial - POM associations. For example, bacteria of the Cytophaga-Flavobacteria cluster, 

together with Alpha- and Gamma-proteobacteria, appear to be dominant colonizers of marine 

snow aggregates (DeLong et al., 1993; Amann et al., 1995; Rath et al., 1998; Acinas et al., 1999; 

Moeseneder et al., 2001; Simon et al., 2002). Therefore, it is reasonable to hypothesize that the 

variable supply regimes of inorganic nutrients and organic substrates and the complexity in 

composition and structure of organic matter represents one of the major forces that affect 

bacterial community composition and perhaps biodiversity. Knowledge of mechanisms and 

factors by which bacterial community composition is affected contribute to a better 

understanding of biogeochemical fluxes in the ocean. 

 

 

2.3  Eutrophication-related events linked to the microbial loop in the Gulf of Trieste 

 

The Gulf of Trieste is the northernmost part of the Adriatic sea. This area is characterized by a 

shallow water column, with large salinity fluctuations, temperature variations and strong 

seasonal vertical stratification, starting in spring and intensifiying towards late summer until 

autumnal vertical mixing occurs (Malačič and Petelin 2001). River discharges influence the 

dynamic of salinity and nutrients in the seawater of the Gulf of Trieste (Turk et al., 2007 and the 

references therein). The general annual cycle of nutrient levels shows typical seasonal variation, 

with higher values in spring and autumn, coinciding with the highest river discharges, and lower 

concentrations of nutrients during summer. The concentration of orthophosphate (PO4
3-

) is 

generally low, indicating oligotrophic conditions in the Gulf of Trieste (Mozetič et al., 2009). 

The broad variability of environmental factors in the Gulf of Trieste is reflected in microbial 

plankton dynamics – high seasonal fluctuations of biomass and productivity were observed for 

zooplankton, phytoplankton and bacterioplankton (Turk and Hagström 1997; Mozetič et al., 

1998; Mozetič and France 2004; Fonda Umani et al., 2007; Del Negro et al., 2008; Pugnetti et 

al., 2008). Nutrient concentrations, N:P ratios in the ambient pool of inorganic nutrients, and 

bioassays indicate that both phytoplankton biomass and growth rates are P- rather than N- 

limited in the northern Adriatic Sea (review in Malone et al., 1999). Enrichment experiments 

proved that phosphorous has been the primary limiting element for the growth of phytoplankton 

as well as for bacterioplankton in the Gulf of Trieste (Mozetič et al., 1998; Cauwet et al., 1999; 
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Fajon et al., 1999; Malej et al., 2003). The overall means of chlorophyll a concentrations are 

between 1 and 1.3 µg L
-1

. Seasonal distribution of mean chlorophyll a values indicates great 

differences between months. High values are measured from February to April, but after 

reaching the spring peak values, they are relatively modest in May and June. The concentrations 

are lowest during the summer months, while in October and November the second peak of 

concentration is reached (Turk et al., 2007). The annual cycle of phytoplankton is characterized 

by an intense late winter diatom bloom, a nutrient - depleted summer and a second short - lasting 

fall bloom (Mozetič et al., 1998; Harding et al., 1999). In spring, the phytoplankton community 

is dominated by nanoflagellates, while in July and late autumn diatoms erupt significantly 

(Mozetič and Francé 2004). Some blooms of cyanobacteria start in spring, at the beginning of 

summer cell densities increase rapidly and remain relatively high throughout the summer (Turk 

et al., 2001). Studies of primary productivity estimate that it varies from 0.8 – 14 mg C m
3
 d

-1
 

(Malej et al., 1995; Cantoni et al., 2003). Daily and annual primary productivity rates indicate 

relatively low pelagic production, with residence time of freshwater and availability of nutrients 

determining the rates of production in the Gulf of Trieste (Cantoni et al., 2003).  

 

Bacterial community abundance and productivity in the Gulf of Trieste has been studied in the 

past (Turk, 1992; Turk and Hagström, 1997; Turk et al., 2001). The abundance of heterotrophic 

bacteria (0.7 to 2.0 x 10
9 
cells L

-1
) is within the range reported for other coastal areas in the 

northern Adriatic Sea and the bacterial productivity varies between 0.5 and 16 µg C L
-1

 d
-1

, 

showing seasonal and daily variations (Turk, 1992; Turk and Hagström, 1997; Turk et al., 2001). 

Despite its importance, knowledge of the bacterial community structure and how is it affected by 

highly variable physical, chemical and biological parameters in the Gulf of Trieste is scarce. 

Only a few studies of plankton community structure in the northern Adriatic Sea have been 

conducted so far (Del Negro et al., 2008; Pugnetti et al., 2008; Celussi et al., 2010). Bacterial 

community seasonal dynamics in terms of community structure and activity was followed over 3 

years in the northern Adriatic (Celussi et al., 2010). A high variability characterized the spatial 

structure of bacterial assemblages and in contrast to other similar studies an infrequent 

seasonality was found. Assemblages were in general strongly affected by river inputs, especially 

in spring, when freshwater inputs are higher. A close relationship was found between given 

assemblages and their patterns of degradation/production activities by applying a multivariate 
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analysis. Authors suggested that the tight coupling between structure and activity could be the 

result of concomitant factors, from physical through chemical to biological. Eutrophication is 

one of the primary problems affecting coastal marine ecosystems and semi-enclosed seas, such 

as the Gulf of Trieste. Eutrophication processes are mainly dependent on the combined effects of 

oceanographical, chemical and biological interactions. The highly variable conditions in the 

pelagic ecosystem of the Gulf of Trieste influence the frequency of blooms, the occurrence of 

harmful toxic algal species, the mucilage phenomenon, hypoxia/anoxia events and the swarming 

of gelatinous zooplankton (Turk et al., 2007). Microorganisms are fundamental to the 

functioning and health of the marine environment and their activity controls the remineralization 

of organic matter including anthropogenic origin pollutants, especially in coastal waters. 

However details of microbial processes in the Gulf of Trieste are still poorly understood and it 

remains unknown how bacterial community structure and function is linked to the eutrophication 

connected phenomena such as mucilage or massive jellyfish aggeragations. 

 

 

2.3.1 Mucilage aggregates 

 

Over the last twenty years mucilage phenomena of different intensities have been observed 

almost every year in the Gulf of Trieste. Consequently the composition and function of mucilage 

macroaggregates has been extensively studied (reviewed in Giani et al., 2005; Turk et al., 2010). 

Mucilage masses also occur in other areas of the world, but the intensity of this phenomenon 

seems to be unique to the northern Adriatic area. When it occurs, mucilage accumulation can 

cover up to several hundreds of square kilometres, creating serious problems for tourism and 

fisheries (Rinaldi et al., 1995; Funari et al., 1997). The total of mucilage-associated particulate 

carbon was 82 g C m
-2

 for the mucilage event in the year 2000 (Malej et al., 2001). The typology 

of aggregates was described by Stachowitsch et al. (1990) and more recently by Precali et al. 

(2005). The formation of macroaggregates usually starts in late spring and is thought to be linked 

to previous changes in the seawater inorganic N:P ratio rather than to the concentration of 

individual nutrients (Cozzi et al., 2004; Penna et al., 2009). The marked retention of fresh water 

and water column stratification in the northern Adriatic Sea during this period seems to 

contribute to the development of macroaggregates (Degobbis et al., 2005). Occasionally, masses 
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of mucilage remain suspended in the water column of the northern Adriatic Sea for up to several 

months during the summer stratified season (May to September) with the phenomenon 

dissipating by the time of autumnal vertical mixing (Degobbis et al., 1995; Malej et al., 1995; 

Sellner and Fonda Umani, 1999). In recent years several hypotheses for explaining mucilage 

development in the northern Adriatic Sea have been proposed. The occurrence of mucilage 

phenomena have been generally related to decaying phytoplankton blooms (Herndl and Peduzzi, 

1988), in particular diatom blooms are thought to play a key role in macroaggregate formation 

through release of polymeric substances, mostly composed of heteropolysaccharides and to a 

lesser extent of lipids and proteins (Pajdak-Stós et al., 2001; Kovač et al., 2002, 2004, 2008; 

Turk et al., 2010). Therefore, the role of phytoplankton has been tested in combination with 

specific environmental factors and changes in community structure (Degobbis et al., 1999), 

nutrient limitation (Fajon et al., 1999), phytoplankton cell lysis (Baldi et al., 1997) and reduced 

grazing pressure (Malej and Harris, 1993; Azam et al, 1999; Granéli et al., 1999; Herndl et al., 

1999; Najdek et al., 2002; Manganelli and Funari 2003; Degobbis et al., 2005; Kovač et al., 

2005). These experiments showed that during a phytoplankton bloom, at the transition to the 

stationary phase, large quantities of organic matter are produced and, at the decay of the 

autotrophic community, carbohydrate rich DOC accumulates, which seems to be resistant to 

degradation. One explanation for the accumulation of DOC is the ‘malfunctioning of the 

microbial loop’ hypothesis that has been proposed as a common feature of the accumulation of 

dissolved organic matter in the marine ecosystems where P-limited bacteria are unable to 

consume dissolved organic carbon as fast as it is produced (Thingstad et al., 1997). On the other 

hand, Azam et al. (1999) emphasized sustained bacterial activity and the role of ‘slow - to - 

degrade’ organic matter. Supporting this hypothesis, a multi-year study of microbial processes in 

the coastal northern Adriatic Sea showed elevated concentrations of DOC during high-primary 

production seasons (Fonda-Umani et al., 2007) and the accumulation of dissolved and colloidal 

polysaccharides resistant to degradation (Azam et al., 1999) as a potential source material for 

mucilage aggregates. Understanding processes that channel carbon flux in favour of DOM that is 

‘slow - to - degrade’ thus seems crucial for explaining the mucilage phenomenon in the northern 

Adriatic Sea. Marine bacteria may play an important role in the formation of non - degradable 

polysaccharides (Azam 1998). Regarding the low inorganic phosphorus concentrations in the 

northern Adriatic Sea and on the other hand the high phytoplanktonic production, there must be 
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an efficient mechanism for bacterial enzymatic degradation of organic matter. Hypothetically, 

the fast re-mineralization of phosphorus in organic particles enables higher carbon fixation which 

might be a way for bacteria to contribute to the formation of mucilage aggregates. Accumulation 

of larger quantities of organic matter could be the consequence of incomplete bacterial 

hydrolyses of complex polymeric and colloidal polysaccharide compounds. Present knowledge 

indicates that different macroaggregate fractions and components are subjected to compositional 

selective reactivity, with important implications for macroaggregate persistence (Simon et al., 

2002). Bacterial extracellular enzymes are important catalysts in the degradation of 

macroaggreates to DOM, however there are reported discrepancies between observed 

macroaggregate ectoenzyme potential activities and biogeochemical degradation sequences and 

enzyme hydrolysis (Turk et al., 2010). Ectohydrolitic enzyme activities and profiles were found 

to be highly variable among different bacterial species (Martinez et al., 1996; Bidle and Azam 

2001), furthermore, it was shown that different groups of bacteria are adapted to utilize specific 

DOM and POM substrate types (Cottrell and Kirchman 2000, Simon et al., 2002; Elifantz et al., 

2005). Therefore, it seems crucial to explore how the bacterial community structure changes and 

which are the main players during production and degradation of mucilage aggregates in order to 

better understand the role that bacteria play in the mucilage phenomena. 

 

 

2.3.2 Massive jellyfish aggregations 

 

Recently the impact of gelatinous zooplankton on the bacterial community has been of particular 

interest because of the reported rise of massive jellyfish aggregations world-wide which have a 

direct negative impact on humans (Purcell et al., 2007; Richardson et al., 2009). The influence of 

jellyfish on the plankton food web and biogeochemical cycles may be significant in 

environments where jellyfish appear frequently in great densities or in environments where they 

are abundant all year round. In the oligotrophic Adriatic Sea five scyphomedusae, 

meroplanktonic Aurelia sp. 8 (Stopar et al., in pres), Chryasoara hysoscella, Cotylorhiza 

tuberculata and Rhizostoma pulmo, and the holoplanktonic Pelagia noctiluca are seasonally 

abundant; among these Aurelia, Rhizostoma and Pelagia form massive aggregations in particular 

in the northern Adriatic Sea (Kogovšek et al., 2010). Previous studies have shown that the 
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importance of jellyfish as a source of dissolved organic matter is small compared to exudates 

from primary producers (Hansson and Norrman 1995) but can be significant in oligotrophic 

environments where the abundance of the jellyfish can be extremely high (Olesen et al. 1994; 

Benović et al. 2000). 

 

Bacteria and zooplankton are commonly regarded as separate functional units in the marine 

environment in spite of temporal and spatial co-existence (Tang et al., 2010). Zooplankton 

carcasses are one source of particulate organic matter (POM) and dissolved organic matter 

(DOM) that has been wrongly overlooked (Bickel and Tang 2010). The chemical composition of 

zooplankton bodies substantially differs from that of phytoplankton biomass. Due to the lack of 

significant carbohydrate storage products, the carbon content of zooplankton is usually lower in 

relation to nitrogen and phosphorus, therefore zooplankton carcasses represent high quality POM 

(Pitt et al., 2009; Bickel and Tang 2010) and a reservoir of labile organic substrates for marine 

bacteria (Tang et al., 2006; Titelman et al., 2006; Tinta et al., 2010). The chemical composition 

and availability of zooplankton - derived particulate and dissolved organic matter could have 

major implications for bacterial dynamics and phylotype selection not only on the zooplankton 

surfaces but also in the surrounding water. Some studies have already shown that crustacean 

zooplankton carcasses enhanced carcass - associated bacterial production and enzyme activity 

reducing carcass C and N content over time (Tang et al., 2006; 2009). Furthermore, Tang et al. 

(2009) showed that bacterial communities on decomposing cladoceran and copepod carcasses 

rapidly diverged from those in the surrounding water. Communities remained similar on 

different types of zooplankton carcasses, suggesting that carcasses are decomposed by congruent 

bacterial groups. Therefore, zooplankton carcasses serve as important microbial 

microenvironments where rapid and efficient local selection takes place (Tang et al., 2009; Tang 

et al., 2010). Because of the reported increasing occurrence of massive aggregations of 

gelatinous zooplankton worldwide their impact on the bacterial community and vice versa has 

regained the attention of the scientific community. During their life span jellyfish play an 

important role in providing carbon and nutrients to the microbial loop by several possible 

pathways: (a) excretion (Purcell et al., 1999), (b) mucus production and release (Schneider 1989; 

Hansson and Norrman 1995; Riemann et al., 2006), and (c) decaying biomass (Titelman et al., 

2006; West et al., 2009; Tinta et al., 2010). Since jellyfish have few natural predators, their 
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carcasses at the termination of a bloom can represent a reservoir/source of labile organic 

substrates and inorganic nutrients which will likely have large impact on the activity and 

composition of water column microbial communities (Titelman et al., 2006; Tinta et al., 2010) 

hence significantly altering nutrient and oxygen dynamics in the surrounding environment 

(Titelman et al. 2006; West et al., 2009; Tinta et al., 2010). Furthermore, the gelatinous 

zooplankton lack a chitinous exoskeleton, consequently, their carcasses may decompose faster, 

compared to non-gelatinous zooplankton (Tang et al., 2006). However, despite the potentially 

important role of jellyfish-derived organic matter on bacterial community dynamics there have 

been very few published studies on this topic. In the southern Adriatic Sea the impact of 

scyphomedusa Aurelia sp. 5 (Stopar et al., in pres) on native planktonic assemblages was studied 

in the Veliko jezero (Big Lake), the enclosed sea lake of Mljet Island, where a large population 

of scyphomedusa Aurelia sp. 5 is present throughout the year (Malej et al., 2007). In addition to 

direct predatory pressure, Aurelia exerted an indirect cascading effect on autotrophic and 

heterotrophic microbial plankton. It appears that the top down effect of predation along with 

material release by Aurelia resulted in increases in microbial biomass and production (Turk et 

al., 2008). So far the impact of massive occurrences of jellyfish in the Gulf of Trieste on bacteria 

community structure and function has not been studied.  

 

 

2.4  Aquatic bacteria and deoxyribonucleoside kinases 

 

Despite the importance of its application in the field of microbial ecology, very little is known 

about the metabolism of nucleic acid precursors in any aquatic bacteria. First, the dissolved DNA 

pool in aquatic environments is the largest pool of DNA on Earth and aquatic microorganisms 

must possess the ability to degrade and/or re-use the building blocks – deoxyribonucleosides 

(dNs) (DeFlaun et al., 1987; Karl and Bailiff, 1989; Paul et al., 1990; Ammerman and Azam, 

1991; Turk et al., 1992). Second, the biomass production of aquatic bacteria was widely 

estimated using a method that relies on incorporation of external 
3
H-thymidine (

3
H-dT) into 

newly synthesized DNA (Fuhrman and Azam, 1982). One of the essential assumptions of this 

method is that all actively growing bacteria are capable of incorporating dT into DNA (Fuhrman 

and Azam, 1982). However, several studies have questioned this assumption and therefore the 
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validity of this method (Karl, 1982; Pollard and Moriarty, 1984; Davis, 1989; Pedrós-Alió and 

Newell, 1989; Jeffrey and Paul, 1990; Boucher et al., 2006; Pérez et al., 2010). The ability of 

various bacteria to incorporate 
3
H-dT has been investigated by microautoradiography, which 

helped to determine the percentage of bacteria actively incorporating 
3
H-dT in vivo (Pedrós-Alió 

and Newell, 1989; Boucher et al., 2006; Pérez et al., 2010), and by analysis of environmental 

bacterial isolates for their ability to transport and incorporate 
3
H-dT (Davis, 1989; Johnstone and 

Jones, 1989). Jeffrey and Paul (1990) examined some marine bacteria isolates for the presence of 

thymidine kinase 1 (TK1) genes by means of molecular probing and by enzyme activity. The 

outcome of these studies was that a fraction of the aquatic bacterial community lacks either the 

transport system or appropriate enzyme to incorporate dT, which questioned the accuracy of this 

method to estimate the productivity of natural bacterial communities. A detailed analysis of the 

molecular and biochemical background of the dT salvage in a few aquatic bacteria would 

identify the limits and strengths of this method and provide a foundation for further research on 

biomass production in aquatic environments. 

 

In the deoxyribonucleoside (dN) salvage pathway the phosphorylation of dN into dN mono-

phosphate (dNMP) is first, usually the rate limiting step. A phosphate group is transferred from a 

phosphate donor, usually a nucleoside triphosphate like ATP, to the 5’-hydroxygroup of the dN 

substrate (Eriksson et al., 2002) by deoxyribonucleoside kinases (dNKs). Two super families of 

dNKs exist, the thymidine kinase 1 (TK1-like) and the non-TK1-like family (Sandrini and 

Piskur, 2005). TK1s are specific only for dT and deoxyuridine (dU), while the dNKs of the non-

TK1-like family are rather unspecific compared to the TK1s, typically phosphorylating one, two, 

three or even four of the native dNs (Eriksson et al., 2002; Sandrini et al., 2006). Within the 

TK1-like family, two sub-families exist, the B. subtilis/H. sapiens TK1 sub-family and the E. 

coli TK1 sub-family (Sandrini et al., 2006). So far only a few bacteria have been characterized 

for their dNKs and their substrate specificity, but it has been thought that Gram-negative bacteria 

have only one dNK, TK1, while Gram-positive bacteria seem to have several dNKs (Sandrini et 

al., 2007a), for example, Bacillus subtilis has TK1 and two non-TK1-like kinases, 

deoxyriboadenosine kinase (dAK) and deoxyriboguanosine kinase (dGK). Some Gram-negative 

bacteria, like Pseudomonas aeruginosa and Helicobacter pylori, do not have any dNK at all 

(Sandrini et al., 2006) and therefore must rely on the de novo biosynthesis of dNs. 
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Genes and corresponding enzymes involved in the metabolism of nucleic acid precursors have 

been used for decades as drug targets or activators of pro-drugs to combat cancer, pathogenic 

bacteria or viruses. Some of these enzymes have also been successfully employed in the 

enzymatic synthesis of nucleic acid precursors. Deoxyribonucleoside kinases (dNKs) are 

currently being investigated as suicide genes for anti-cancer therapy (Knecht et al., 2007). So far 

genes from well known laboratory organisms have been studied, but not yet from organisms 

isolated directly from the environment. Since phylogenetic analyses of marine bacteria showed 

wide biodiversity and revealed the presence of previously unknown bacteria species, the marine 

environment could be a source of completely new genes encoding enzymes involved in the 

metabolism of nucleic acid precursors. 

 

In this thesis the power of bioinformatics and molecular biology was used to explore the ability 

of two aquatic bacteria, both Gram-negative and both belonging to the Bacteroidete class, to 

phosphorylate dNs. The importance of the Bacteroidetes class in the marine environment is 

increasingly recognized (Gómez-Pereira et al., 2010). They are among the major taxa of marine 

heterotrophic bacterioplankton found in a variety of marine environments (Alonso et al., 2007 

and the references therein). Their abundance and distribution pattern in combination with 

enzymatic activity studies has led to the notion that organisms of this group are specialists in the 

degradation of high molecular weight compounds in both the dissolved and particulate fraction 

of the marine organic matter pool, implying a major role for Bacteroidetes in the marine carbon 

cycle (Gómez-Pereira et al., 2010 and the references therein). Despite their ecological 

importance, comprehensive molecular data on organisms of this group have been few. The 

selected bacteria were Polaribacter sp. MED 152, which serves as a model to study the cellular 

and molecular processes in bacteria that express proteorhodopsin, their adaptation to the oceanic 

environment and their role in the carbon cycling (Gómez-Consarnau et al., 2007, Martinez et al., 

2007; González et al., 2008) and on Flavobacterium psychrophilum JIP02/86, which is a widely 

distributed fish pathogen, capable of surviving in different habitats (Duchaud et al., 2007). 
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3 EXPERIMENTAL 

 

The presented research work was done as a part of my young researcher project and the research 

program of the Marine Biology Station Piran/NIB (Coastal Ocean Research PI-0237, Slovenian 

Research Agency). Some experiments were performed as a part of the international collaboration 

research project Cooperative Research on Ecological Interactions in the Coastal Oceans 

(CREICO) and the ‘Marine microorganisms as a source of novel genes and enzymes for green 

chemistry’ project for which I received a FEMS (Federation of European Microbiological 

Societies) scholarship, and was performed at Lund University (Sweden). 

 

 

3.1  Working hypotheses 

 

The experimental work is divided into three parts with the following working hypotheses:  

 

3.1.1 Seasonal dynamics of the bacterial community in the Gulf of Trieste 

 

- bacterial abundance and productivity changes seasonally due to different environmental 

conditions 

- different environmental conditions and the availability of different resources (inorganic 

nutrients or/and organic substrates) affect the seasonality of dominant bacterial 

phylogenetic groups 

 

3.1.2 Effect of different resources on bacterial community 

 

- addition of inorganic nutrients or rich organic substrates in the enclosures affects 

bacterial community abundance and growth rate 

- different phylogenetic groups of actively growing bacteria are involved in specific 

organic matter transformation and accumulation processes of dissolved and particulate 

organic matter 
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- decomposition of jellyfish biomass affects bacterial community dynamics and leads to 

accumulation of nutrients in the surrounding environment 

 

3.1.3 Aquatic bacteria and deoxyribonucleoside kinases 

 

- detailed analysis of the molecular and biochemical background of the dT salvage in a few 

aquatic bacteria would identify the limits and strengths of the 
3
H-dT incorporation 

method that is used to estimate bacterial biomass production in aquatic environments 

- aquatic bacteria could be a source of new biotechnologically interesting 

deoxyribonucleoside kinases (dNKs), since genes and enzymes involved in the 

metabolism of nucleic acid precursors are used as drug targets or activators of pro-drugs 

to combat cancer, pathogenic bacteria and viruses 

 

 

3.2  Experimental design 

 

 

3.2.1 Study site 

 

The Gulf of Trieste is the northernmost part of the Adriatic sea. This area is characterized by a 

shallow water column, with large salinity fluctuations (from 32.8 to 36.7 PSU), temperature 

variations (from 9.2 in winter up to 25 °C in summer) and strong seasonal vertical stratification, 

starting in spring and intensifiying towards late summer until autumnal vertical mixing occurs 

(Malačič and Petelin 2001). Oceanographic properties of the Gulf of Trieste are strongly affected 

by water mass exchange from the southern Adriatic Sea, river inflows and meteorological 

conditions (Malačič and Petelin 2001; Comici and Bussani 2007; Zanchettin et al., 2008; 

Malačič and Petelin 2009). The highest river discharges are in late spring (April) and autumn 

(October – November), while drought periods generally occur in winter and summer (Zanchettin 

et al., 2008; Comici and Bussani, 2007). River discharges influence the dynamics of salinity and 

nutrients in the seawater of the Gulf of Trieste (Turk et al., 2007 and the references therein). The 
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general annual cycle of nutrient levels shows typical seasonal variation, with higher values in 

spring and autumn and lower values in summer (Turk et al., 2007 and the references therein). 

The concentration of nitrate (NO3
-
) at the surface generally ranges from 0.2 to 20 µmol L

-1
 and is 

high in winter, low in summer and rises again in autumn (Turk et al., 2007). The ammonium 

(NH4
+
) concentrations are higher in layers above the bottom (from 0.07 to 11.5 µmol L

-1
), due to 

intense regeneration processes during late summer and autumn. Higher NH4
+
 concentrations 

coincide with increased concentrations of silicate and low concentration of oxygen (Turk et al., 

2007). The concentration of orthophosphate (PO4
3-

) is generally low, many times under the level 

of detection, the highest values being below 0.5 µmol L
-1

. The values at the surface and at the 

bottom layer are fairly equal, with dynamics varying from month to month and year to year 

(Turk et al., 2007). Reduction of the phosphorous load from the Po river in the late 1980s (de 

Wit and Bendoricchio, 2001), coupled with reduced freshwater discharge (Comici and Bussani 

2007; Zanchettin et al., 2008), has caused oligotrophication of the basin over the last decade 

(Mozetič et al., 2009). The overall means of chlorophyll a concentrations are between 1 and 1.3 

µg L
-1

, high values are measured from February to April, but after reaching the spring peak 

values, they are relatively modest in May and June. The concentrations are lowest during the 

summer months, while in October and November the second peak of concentration is reached 

(Turk et al., 2007). 

 

Seawater sampling was performed in the middle of the Gulf of Trieste at the standard sampling 

station (00BF) where the oceanographic buoy Vida is located (45° 32' 55, 68’’ N, 13° 33' 1, 89’’ 

E). The oceanographic buoy continuously records oceanographic data, such as temperature, 

salinity, oxygen and chlorophyll a concentrations with Seabird T and C probe, a Wetlab 

fluorometer, and an oxygen sensor ‘Optode’of Aanderaa, at 3 m depth. Seawater samples were 

collected with Niskin bottles connected to a Carousel Water Sampler SBE 32 (Sea-Bird 

Electronics, Inc.). 
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3.2.2 Annual sampling 

 

Sampling for chemical and microbiological parameters was carried out biweekly at 5m depth at 

the standard sampling station (00BF) from Junuary 2009 to December 2010. Each time before 

sampling the vertical distribution of temperature, salinity, chlorophyll a and dissolved oxygen 

was measured using a CTD probe fine-scale probe (Microstructure Profiler MSS90, Sea & Sun 

Technology GmbH). Seawater samples for bacterial abundance, bacterial carbon production and 

bacterial community structure as well as nutrient analyses were collected and further analyzed in 

the laboratory, as described in Methods (chapter 3.3). 

 

 

3.2.3 Enrichment experiments 

 

The effect of different inorganic and organic resources on bacterial community dynamics was 

studied in the enclosures (mesocosms) incubated in situ, which allowed us to follow changes of 

the community over time within a single, isolated water mass, at conditions similar to ambiental. 

 

 

3.2.3.1 Inorganic phosphorous enrichment experiment 

The response of the bacterial community structure and function to amended inorganic 

phosphorus was studied in the enclosure. The role of bacteria in the accumulation processes of 

dissolved and particulate organic matter in the form of mucus aggregates, observed after the 

phytoplankton bloom, was addressed. The role of different phylogenetic groups of actively 

growing bacteria groups in organic matter transformations was studied. 

 

Two hundred litres of seawater were collected at the standard sampling station (00BF, described 

above) from 5 m depth on the 16th of October 2007. The seawater was pre-filtered through a 50 

µm acid-washed net in order to remove the micro- and meso-zooplankton grazers. The water was 

kept at environmental temperature protected from the sunlight. Within one hour after sampling 

the water was brought to the laboratory, where it was divided into six 20-L acid-washed 
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polycarbonate carboys (Nalgen). Inorganic nutrients and trace concentrations of vitamins were 

added to all carboys to reach the final concentration of 20 µmol L
-1

 of nitrate (NO3
-
) and 20 µmol 

L
-1

 of silicate (SiO3
-
). To three carboys orthophosphate (PO4

3-
) was added to a final 

concentration of 0.5 µmol L
-1

 (treatment P+); the other three carboys lacked PO4
3-

 amendment 

(treatment P-) and served as controls. All incubated carboys were submerged in the seawater at 5 

m depth attached to a line-pulley system in front of the Marine Biology Station Piran. Intense 

sampling was performed every second day for the first 10 days then the bottles were sampled on 

the day 13, 22, 29 and day 64. On each sampling day the water was collected evenly from the 

triplicate bottles. Samples for bacterial abundance, production and community structure as well 

as for inorganic nutrients, dissolved organic carbon (DOC) and particulate organic carbon (POC) 

were collected and analyzed as described in Methods (chapter 3.3). As a part of this study 

chlorophyll a, primary productivity, phytoplankton community structure, viral abundance, 

orthophosphate uptake assay, degradative enzymatic assay, grazing experiment, transparent 

exopolymer particle (TEP) and coomassie-stained particle (CSP) analyses, surface-active particle 

(SAP) and gel microparticles (GeP) analyses as well as micro-scale imaging at atomic force 

microscopy (AFM) were also performed and analyzed by other co-workers of the CREICO 

project and will not be presented as a part of this thesis, however all results will be used in 

publication (Malfatti et al., in prep.). 

 

 

3.2.3.2 Jellyfish substrate enrichment experiment 

The impact of decaying jellyfish on the ambinet bacterial community and on the surrounding 

environment was studied in two sets of enrichment experiments: 

 

- In the first set of experiments the response of the ambient bacterial community to the 

addition of the same type of jellyfish homogenate - Aurelia sp. - in two marine 

ecosystems – the Gulf of Trieste (northern Adriatic) and the Big Lake (Mljet Island, 

southern Adriatic) was compared. The important difference between these ecosystems is 

the year – round presence of Aurelia sp. 5 in the Big Lake (Benović et al., 2000) 

compared to the seasonal occurrence of Aurelia sp. 8 as massive aggregations in the Gulf 
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of Trieste. The experiments were conducted at both locations in two consecutive years - 

during spring 2008 and 2009. 

 

- In the second set of experiments (i) the impact of different jellyfish species 

(scyphomedusae Aurelia sp. 8, Rhizostoma pulmo and the Pelagia noctiluca) and (ii) the 

impact of jellyfish - associated bacteria on the ambient seawater bacterial community 

dynamics was studied in spring 2009 in the Gulf of Trieste. 

 

Jellyfish used in the experiments were collected seasonally during their massive aggregations 

from a boat using a bucket or plastic bag and by divers in the Gulf of Trieste and in the Big Lake. 

Jellyfish were immediately put in a bucket with seawater and later stored at -30°C unwashed, to 

maintain intact jellyfish - associated bacterial community. Before each experiment the whole 

jellyfish were homogenized for several minutes with a sterilized blender (Ultra-Turrax TP 18/10, 

Janke & Kundel®). A part of the homogenates was used in the experiments; the rest was frozen 

and stored for biochemical and elemental analysis. 

 

Seawater used in the enrichment experiments was collected at 5 m depth at the standard 

sampling station in the Gulf of Trieste (00BF, as described above) and in the Big Lake at station 

Buza (42° 46,477 N; 17° 23.304 E). Immediately after sampling, seawater was filtered through a 

200-µm net and subsequently through GF/F filters (Whatman Inc.) to remove particles and 

organisms bigger than 0.8 μm. 8L of filtrate was collected directly into 10-L acid-washed, 

autoclaved polycarbonate experimental bottles used in the experiments. Experimental bottles 

were inoculated with different concentrations of jellyfish homogenate (Table 1). The volume of 

added homogenate was recalculated according to the approximate number of specimens during 

jellyfish outbreaks in the Gulf of Trieste and in the Big Lake (Alvarez-Colombo et al., 2008; 

Turk et al., 2008). Bottles with GF/F pre-filtered seawater without the jellyfish homogenate 

addition served as controls. All experimental bottles were incubated in situ at each study site. An 

outline of all jellyfish-enrichment experiments conducted at both locations in two consecutive 

years (2008 and 2009) with detailed descriptions of the incubation conditions (type and final 



25 

concentration of added jellyfish homogenate and incubation time), ambient seawater temperature 

(T) and initial nutrient concentrations, is presented in Table 1. 

 

The same sampling procedure was followed throughout the experiments in the Gulf of Trieste 

(Piran) and in the Big Lake. Bottles were sampled immediately after inoculation (T0), afterward 

samples for nutrient and bacterioplankton analyses were taken on day 1, 2, 4, 6 and 8 in 2008 

and on day 1, 2, 3, 6 and 9 in 2009 the Gulf of Trieste experiment. During the experiments in Big 

Lake samples were taken daily. Samples were taken by pouring 500 ml of seawater from 

experimental bottles into acid washed, autoclaved flasks. Samples for bacterial abundance, 

production and community structure as well as dissolved protein and inorganic nutrients were 

collected and analyzed as described in Methods (chapter 3.3). 

 

Table 1: Description of the jellyfish-enrichment experiments with experimental code, type and final concentration 

of added jellyfish homogenate, time of incubation, ambient seawater temperature (T) and initial nutrient 

concentrations (ammonium - NH4
+
 and orthophosphate - PO4

3-
) conducted in two consecutive years 2008 (I) and 

2009 (II) in the Gulf of Trieste (Piran) and in the Big Lake. A – Aurelia sp., P - Pelagia noctiluca, R- Rhizostoma 

pulmo 

 

Exp. Code Jellyfish species 
Inoculate 

(g L
-1

) 

Incubation time 
T 

(°C) 

NH4
+
 

(µM)
 

PO4
3-

 

(µM) 

Piran 2008 A I Aurelia sp. 8 30 17 Apr – 5 May 2008 14 0.50 0.10 

Piran 2009 A II Aurelia sp. 8 12.5 24 Mar – 15 Apr 2009 11 0.82 0.17 

Piran 2009 P Pelagia noctiluca 12.5 24 Mar – 15 Apr 2009 11 0.82 0.17 

Piran 2009 R Rhizostoma pulmo 12.5 24 Mar – 15 Apr 2009 11 0.82 0.17 

Big Lake 2008 A I Aurelia sp. 5 15 8 May – 12 May 2008 17 0.30 0.11 

Big Lake 2009 A II Aurelia sp. 5 5.5 15 May – 22 May 2009 19 0.32 0.15 
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3.2.4 Aquatic bacteria and deoxyribonucloside kinases 

 

In this study the power of bioinformatics and molecular biology was used to explore the ability 

of several aquatic bacteria to phosphorylate deoxyribonuclosides (dNs). First, several sequenced 

genomes of aquatic bacteria were examined for the presence of genes encoding 

deoxyribonucleoside kinases (dNKs), the key enzymes in the salvage of dNs for DNA synthesis. 

Afterward we focused on two Gram-negative bacteria, both belonging to Bacteroidetes, 

Polaribacter sp. MED 152 and Flavobacterium psychrophilum JIP02/86. The putative dNKs 

genes of both bacteria were sub-cloned and over-expressed. Purified recombinant dNKs were 

analyzed for their substrate specificity and kinetic parameters as described in Methods (chapter 

3.3). 

 

 

3.3 Methods 

 

 

3.3.1 Chemical parameters 

 

 

3.3.1.1  Inorganic and organic nutrients 

Nutrient concentrations were measured in unfiltered seawater, except in all the enrichment 

experiments when nutrient analyses were performed on GF/F (Whatman Inc.) pre-filtered 

seawater samples. These filters were pre-combusted and the seawater was filtered at low 

pressure. Filtrates and filters were kept at -20°C until they were analyzed. 

 

Total dissolved nitrogen (TDN), ammonium (NH4
+
), nitrite (NO2

-
), nitrate (NO3

-
), total dissolved 

phosphorus (TDP) and orthophosphate (PO4
3-

) in seawater samples (described above) were 

analyzed according to the standard protocols described in Parsons et al. (1984). Dissolved 

organic phosphorus (DOP) was calculated as the difference between TDP and PO4
3-

. Particulated 

organic carbon (POC) concentration was determined using Elementar Vario Micro Cube 
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according to standard protocols described in Parsons et al. (1984). Samples were collected by 

filtering seawater onto pre-combusted GF/F filters, which were stored at -20°C until analysis. 

 

For dissolved organic carbon (DOC) measurements, seawater was filtered through a pre-

combusted GF/F filter using a combusted metal-glass filtration tower system with a hand-pump. 

Lower pressure was maintained (< 5 inches of mercury) and GF/F filters were changed 

frequently in order to avoid cell breakage and consequently enrichment in organic carbon due to 

intracellular liquids. Filtered seawater was aliquoted in 40 ml combusted glass vials and fixed 

with 100 µL of 12 M trace metal clean HCl (final pH 2; Sigma). Samples were stored at 4°C in 

the dark and have been shipped, refrigerated, to Scripps Institution of Oceanography for analysis 

at Shimadzu TOC 5000A. 

 

 

3.3.1.2 Dissolved protein concentration 

Dissolved protein concentrations were determined colorimetrically in GF/F pre-filtered seawater 

samples using the Bio-Rad Protein Assay Kit (Bio-Rad) by the standard Bradford method 

(Bradford, 1976). For each sample, triplicate aliquots of 2 ml were centrifuged for 10 min at 20 

000x g at 4°C. OD595 was measured versus reagent blanks (0.22 µm pre - filtered seawater) and 

protein concentrations were quantified against a standard curve of BSA (concentration range 1 – 

20 µg mL
-1

). 

 

 

3.3.2 Bacterial abundance 

 

Seawater samples for bacterial cell counts were fixed with formaldehyde solution (0.22 µm pre-

filtered, 2% final concentration) and kept at 4°C. Bacterial cells were stained using two different 

staining techniques: 

 

a. According to the protocol by Porter and Feig (1980) a defined volume of seawater 

samples were stained with 4’,6-diamino-2-phenylindole (DAPI, 1 µg mL
-1

 final 
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concentration) and filtered onto a 0.2 µm black polycarbonate membrane filter (25 mm 

diameter, Millipore) 

 

b. According to the protocol by Noble and Fuhrman (1998) a defined volume of seawater 

sample was filtered through the Anodisc filter (pore size 0.02 µm, diameter 25 mm, 

Whatman). After the filtration, each filter was laid on a drop of the staining solution of 

SyBr Gold (Invitrogen). 100 µL of 2.5% SyBr Gold staining solution was freshly 

prepared each time. After the staining period the filter was completely dried and placed 

on a glass slide, with a drop (30 µL) of anti-fade mounting solution (50% glycerol, 50% 

PBS, 0.1% p-phenylenediamine) 

 

Bacterial cells on each filter were counted using the epifluorescence microscope Olympus BX51 

at 1000x magnification, using different filter sets: for observing DAPI stained cells an excitation 

B360-370 and barrier BA420 filter set was used, for the SyBr Gold stained cell an excitation 

BP530-550 and barrier BA590 filter set was used. Randomly selected counting fields were 

photographed with a camera Image System DP70 and bacterial cells were counted manually. 

 

The total number of bacteria per litre was determined according to the equation: 

 

PV

Fa
N




  

 

ā - average bacterial number in all the counting fields 

F (μm
2
) - the filtration area  

P (μm
2
) - counting field area 

V (L) - volume of the sample 
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3.3.3 Bacterial carbon production 

 

Bacterial carbon production (BCP) was measured by the incorporation of 
3
H-leucine into newly 

synthesized proteins in the bacterial cells (Kirchman et al., 1985) using the centrifugation 

protocol by Smith and Azam (1992).Triplicates of each sample were incubated with 
3
H-leucine 

(20 nM final concentration, Amersham) for 1 hour at in situ temperature in the thermostatic 

chamber in the dark. Trichloroacetic acid (TCA, 5 % final concentration, Sigma) was added prior 

to addition of 
3
H-leucine to the controls. After 1 hour, incubation was stopped by adding TCA 

(5% final concentration) to all samples. The scintillation liquid (Ultima gold, PerkinElmer) was 

added to each sample and the radioactivity was measured using a liquid scintillation counter 

(Canberra Packard TriCarb Liquid Scintillation Analyzer, model 2500 TR). BCP was calculated 

from the measured dpm (disintegration per minute) as described by Simon and Azam (1989): 

 

SA

kR
X




 

 

X  – Moles of exogenous 
3
H-leucine incorporated per liter per hour (mol Leu l

-1
 h

-1
) 

R  – Radioactivity (dpm ml
-1

 h
-1

) 

SA  – Specific activity of 
3
H- Leu (Ci mmol

-1
) 

k  – Ci*dpm
-1

 (1Ci ~2.22 x 10
12

 dpm) = 4.5 x 10
13

 

 

Moles of incorporated leucine per litre per hour were used to calculate bacterial carbon 

production according to the equation: 

 

    IDproteinCLeuMXBCP  /%  

 

BCP  – Bacteria carbon production (μgC l
-1

 h
-1

) 

X  – Moles of exogenous 
3
H-leucine incorporated per liter per hour (mol Leu l

-1
 h

-1
) 

M  – Molecular weight of leucine (= 131.2 g mol
-1

) 

 Leu%  – 100/mol% of leucine in protein (= 0.073) 

 proteinC /  – Ratio between carbon and proteins in cell (= 0.86) 
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ID  – Intracellular isotope dilution of 
3
H-leucine (= 2) 

 

A carbon-to-cell ratio of 19.8 fg C bacterium
-1

 was used (Lee and Furman, 1987) to calculate 

bacterial biomass. Bacterial community growth rate (µ) was calculated as the ratio of BCP to 

bacterial biomass (B) (µ = BCP/B). 

 

 

3.3.4 Bacterial community structure analyses 

 

Bacterial community structure was analyzed using two approaches: (i) by isolation and 

identification of colony-forming bacteria (bacterial isolates) and (ii) by culture – independent 

community analysis using a DNA fingerprinting method such as denaturing gradient gel 

electrophoresis (DGGE) and by constructing 16S rDNA gene clone libraries.  

 

 

3.3.4.1 Bacterial isolates 

Seawater samples (10 µL or 100 µL) were spread on a ZoBell agar media (5 g of peptone, 1g of 

yeast extract, 15 g of agar, 750 mL of fresh GF/F pre-filtered seawater and 250 mL of MilliQ-

water) and incubated in the dark at room temperature. Colonies with different macro-

morphologies were isolated; after being clean streaked three times, a single colony of each 

isolate was inoculated into ZoBell liquid media (without agar). Bacterial isolates in a liquid 

medium were stored in 30% glycerol at - 80°C to create a culture collection. 

 

 

3.3.4.2 DNA extraction 

a) Bacterial isolates genomic DNA was extracted from ZoBell liquid cultures using 

Genomic DNA purification kit (Fermentas) or NucleoSpin Tissue kit (Macherey-Nagel) 

according to manufacturer's protocol. 
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b) Culture-independent bacterial community analyses were performed with DNA 

extracted from the filters as described in Böstrom et al. (2004), with slight modifications. 

A defined volume of unfixed seawater sample was filtered onto 0.2 µm polyethersulfonic 

PALL filters (25 or 47 mm diameter, PALL Inc.). The filters were stored at - 80°C until 

extraction. The 47 mm diameter filters were cut and DNA was extracted from one quarter 

of the filter, while in the case of the 25 mm diameter filter DNA was extracted from the 

whole filter. Filters containing bacterial community samples were transferred into a fresh 

2 mL microcentrifugation tube. 525 µL of lysis buffer (400 mM NaCl, 750 mM sucrose, 

20 mM EDTA pH 8, 50 mM Tris HCl pH 9, < 0.2 µm filter sterilized, freshly made, kept 

at 4°C) was added. Freshly made lysozyme (stock solution 50 mg mL
-1

 in TE buffer (50 

mM Tris HCl pH 7.5, 50 mM EDTA pH 8), Sigma) was added (1 mg mL
-1

 final 

concentration) and incubated at 37ºC for exactly 30 min. Afterwards sodium dodecyl 

sulphate (SDS (10% stock solution, < 0.2 µm filter sterilized), 1% final concentration, 

Sigma) and proteinase K (100 µg mL
-1

 final concentration, Sigma) were added, and the 

mixture was incubated at 55ºC, overnight. After incubation, supernatant was transferred 

into a fresh 2 mL microcentrifugation tube. The filter was washed with 500 µL of TE 

buffer (vortex at maximum speed for approximately 10 min), which was then pooled with 

the lysate. DNA was precipitated with 0.1 V of sodium acetate (3 M NaAc, pH 5.2, 

Sigma) and 0.6 V of isopropanol, the mixture was incubated at - 20ºC for 1h. Lysate was 

centrifuged at 20000x g for 20 min at 4ºC. The pellet was washed with 500 µL of ice-

cold 70% ethanol and again centrifuged at 20 000x g for 20 min at 4ºC. Afterwards the 

supernatant was removed and the pellet was dried in a speed-vac or air-dried to remove 

the excess ethanol. Precipitated DNA was re-suspended in 0.02 µm pre-filtered, 

autoclaved MilliQ-water or 0.02 µm pre-filtered, autoclaved 1X TE buffer (10 mM Tris-

HCl pH 7.5, 1 mM EDTA pH 8) and stored at - 20ºC. 

 

 

3.3.4.3 PCR amplification 

a) Bacterial isolates: 16S rRNA genes were amplified from extracted bacterial genomic 

DNA (see 3.3.4.2 a) using universal primers 27F (5’-AGAGTTTGATCMTGGCTCAG-
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3’) and 1492R (5’-TACGGYTACCTTGTTACGACTT-3’). The PCR reaction mix (50 

µL) contained 1X reaction buffer (Tris KCl,-MgCl2, Fermentas), 2 mM MgCl2 

(Fermentas), 0.2 mM dNTP (Fermentas), 1 µM of each primer (Sigma), Taq polymerase 

(5 U µL
-1

, Fermentas) and 2 µL of DNA (50-100 ng). The PCR thermal cycler program 

was as follows: initial denaturation at 94°C for 2 min; 30 cycles of: 94°C for 1 min, 55°C 

for 1 min, 72°C for 2 min; and final incubation at 72°C for 5 min. 

 

b) DGGE: bacterial 16S rRNA genes were amplified from the extracted bacterial 

community DNA (see 3.3.4.2 b) using a universal primer 907R (5'-

CCGTCAATTCMTTTGAGTTT-3', Muyzer et al., 1998) and 341F, with a 40 bp GC-

clamp (5'-

CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCCTACGGGAGG

CAGCAG-3', Muyzer et al., 1993). The 40-bp GC-clamp (underlined) was attached to 

the bacterial primer to prevent complete melting of amplicons during DGGE (Muyzer at 

al., 1993). The PCR reaction mix (50 µL) contained 1X reaction buffer (Tris KCl,-

MgCl2, Fermentas), 2 mM MgCl2 (Fermentas), 0.2 mM dNTP (Fermentas), 1 µM of each 

primer (Sigma), Taq polymerase (5 U µL
-1

 Fermentas) and 2 µL of DNA (50-100 ng). 

The PCR touchdown protocol according to Don et al. (1991) was used (initial 

denaturation at 94°C for 5 min; 10 touchdown cycles of: denaturation at 94°C for 1 min, 

primer annealing for 1 min at an initial 65°C, decreasing 1°C every cycle to a final 50°C, 

primer extension for 3 min at 72°C; followed by 20 standard cycles of: 94°C for 1 min, 

55°C for 1 min, 72°C for 3 min). The last cycle was followed with a 5 min final 

incubation at 72°C. 

 

c) 16S rRNA clone library: bacterial 16S rRNA genes were amplified from the extracted 

bacterial community DNA (see 3.3.4.2 b) using universal bacterial primers 27F (5’-

AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5’-

TACGGYTACCTTGTTACGACTT-3’). The PCR reaction mixture (50 µL) contained 

1X reaction buffer (Tris KCl-MgCl2, Fermentas), 2 mM MgCl2 (Fermentas), 0.2 mM 

dNTP (Fermentas), 1 µM of each primer (Sigma), Taq polymerase (5 U µL
-1

 Fermentas) 

and 2 µL of DNA (50-100 ng). The PCR thermal cycler program was as follows: initial 
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denaturation at 95 °C for 5 min; 30 cycles of: 95 °C for 30s, 50 °C for 30s, 72 °C for 45s, 

the last cycle was followed with a 7 min final incubation at an annealing temperature of 

72 °C to ensure that all the PCR products were 3’ adenylated. 

 

 

3.3.4.4 Agarose gel electrophoresis 

The size and quality of the PCR products was confirmed by agarose gel electrophoresis. 

Electrophoresis was performed in 1 % agarose gel (in 1X TAE buffer prepared from 50X TAE 

buffer (242g of Tris base, 57.1 mL of glacial acetic acid, 100 mL of 0.5 M EDTA pH 8 and 

autoclaved MilliQ-water)), running for ~30 min at 120V. The PCR products were compared to 

1kb ladder (Biotools). Bands were visualized with UV transillumination (BioDocAnalyze Gel 

documentation system, Biometra). 

 

 

3.3.4.5 DNA quantification 

DNA concentration was measured using three different techniques: 

 

a) With a UV spectrophotometer at 260 nm wavelength. Prior to the measurement the 

sample was diluted 10-times to a final volume of 70 µL with MilliQ-water in a 70 µL-

cuvette. 

 

b) Using PicoGreen dsDNA quantification reagent (Molecular Probes, Invitrogen). A 

standard curve was prepared using λDNA standards with concentrations: 100 ng/50 µL, 

50 ng/50 µL, 25 ng/50 µL, 12.5 ng/50 µL, 6.25 ng/50 µL, 3.13 ng/50 µL, 1.56 ng/50 µL 

and 0.78 ng/50 µL, that were prepared by series of dilutions from λDNA stock (0.25 µg 

µL
-1

, Invitrogen) with 1X TE buffer. The aqueous working solution of the PicoGreen 

reagent was prepared by making a 200-fold dilution of the concentrated DMSO solution 

in TE buffer. The working solution was protected from light, because the PicoGreen 

reagent is susceptible to photodegradation. Into separate wells of microplate, 50 µL of 

each standard, 50 µL of each sample and 50 µL of TE buffer (as a blank sample) together 
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with 50 µL of PicoGreen reagent was added. Fluorescence was measured using a 

fluorescence microplate reader (Ex/Em: 502/523 nm). 

 

c) Fluorometrically using Quant-It
TM 

dsDNA HS Assay kit (Invitrogen) and Qubit 

fluorometer (Invitrogen) according to the manufacturer’s protocol. 

 

 

3.3.4.6 Denaturing gradient gel electrophoresis (DGGE) 

Denaturing gradient gel electrophoresis (DGGE) is an electrophoretic method to identify single 

base changes in a segment of DNA. In a denaturing gradient polyacrylamide gel, double-

stranded DNA (dsDNA) is subjected to an increasing denaturant concentration and it melts in 

segments called ‘melting domains’. Differences in sequences between 16S rRNA fragments, 

amplified by PCR using specific primers, are detected by their different migration, since the Tm 

of a particular melting domain is sequence specific. 

 

PCR products (see 3.3.4.3 b) were analyzed by DGGE electrophoresis (C.B.S. Scientific Co.). 

Between 300-500 ng per lane of PCR product was loaded on 6% polyacrylamide gels (made 

from 40% acrylamide:N,N’-methylbisacrylamide 37.5:1, Sigma) containing a denaturant 

gradient top to bottom of 20 to 60% (100% denaturant is defined as 7 M urea (Sigma) and 40% 

(v/v) deionized formamide (Sigma)). Polymerization of gel was achieved by adding ammonium 

persulphate (APS, Sigma) and TEMED (Sigma) to the 20 and 60% denaturing solutions. 

Electrophoresis was run at 200V (35-40 mA) for 6h using 1X TAE running buffer (prepared 

from 50X TAE (242g of Tris base, 57.1 mL of glacial acetic acid, 100 mL of 0.5 M EDTA pH 8 

and autoclaved MilliQ-water)) at 60°C. Gels were stained for 30 min with 1x SYBR Gold 

nucleic acid stain (Invitrogen). Gels were visualized using UV transilluminator (BioDocAnayze 

Gel documentation system, Biometra) with a special SyBr Green filter set. 
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3.3.4.7 Cluster analysis of DNA fingerprinting signals 

Cluster analysis was applied to find similarities between DGGE banding patterns representing 

DNA fingerprints of distinct bacterial communities and to sort them into clusters according to 

their similarity. The clusters were then put together in a dendrogram using an algorithm. Cluster 

analysis of DGGE banding patterns was done using different software:  

 

a) Using Image J software DGGE bands were visually detected and a dendrogram was 

constructed from DGGE banding patterns using the Bray-Curtis coefficient and the group 

average was used as the linkage algorithm on square root-transformed data using Primer 

v5 software (Clarke and Gorley, 2006). 

 

b) Using the BioDocAnayze system (Biometra) or Quantity One 4.6.2 (Bio-Rad) DGGE 

bands were visually detected and a dendrogram was constructed from DGGE banding 

patterns using the Dice coefficient and cluster analysis by the UPGMA (Unweighted-Pair 

Group Method with Arithmetic mean) clustering method. 

 

 

3.3.4.8 16S rRNA gene clone libraries 

Fresh PCR products (see 3.3.4.3 c) were immediately ligated into a pCR® 2.1 commercially 

available vector (Invitrogen) and transformed using the heat shock principle into chemically 

competent E.Coli TOP 10 cells (Invitrogen) using a commercially available TA Cloning kit (Cat. 

No. K2020-20, Invitrogen) according to the manufacturer’s protocol. Transformants were grown 

overnight at 37°C on LB + Amp agar plates (5g yeast extract, 10g peptone, 10g NaCl, 15g agar, 

ampicilin (100 µg mL
-1

 final concentration), dH2O up to 1L, pH 7.4) which were pre-spread with 

40 µL of 40 mg mL
-1

 of X-Gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside, Sigma). 

The blue – white screening of plates was performed and only white colonies were selected and 

re-grown overnight shaking at 37°C in LB +Amp liquid medium (-agar) containing 10% of 

glycerol. Successfully grown clone cultures were sent for purification and sequencing, a portion 

of culture was stored at -80°C. 
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3.3.4.9 Phylogenetic analyses 

The 16S rDNA genes of bacterial isolates were bidirectionally sequenced using 27F and 1492R 

primers and the 16S rDNA gene inserts of clone libraries were partially sequenced using a M13F 

with 23 ABI 3730XLs sequencer at Macrogen Inc. The quality of sequences was controlled by 

removing traces of sequencing primer and vector contamination by using a DNA baser (www. 

DNAbaser.com). Ambiguous base cells at the end of the sequences were also trimmed away. All 

sequences from 16S rDNA gene clone libraries were analyzed using the program Bellerophon 

(https://greengenes.lbl.gov/) to detect chimeric sequences. Detected chimeric sequences were 

removed. Database searches for sequence taxonomic identities were done using the genome 

Basic Local Alignment Search Tool (BLAST) at the National Center for Biotechnology 

Information (NCBI) (Benson et al., 2008). Sequences were deposited in GeneBank (NCBI). 

 

 

3.3.5 Deoxyribonucleoside kinases 

 

 

3.3.5.1 Gene mining and phylogenetic analysis of aquatic bacteria dNKs 

Database searches for putative dNK genes in the sequenced genomes from various aquatic 

bacteria were done using the genome Basic Local Alignment Search Tool (BLAST) at the 

National Center for Biotechnology Information (NCBI) (Benson et al., 2008). The following 

characterized dNKs (accession numbers are in brackets) were used to find homologous 

sequences in the aquatic bacteria genomes: Bacillus cereus TK1 (ABD37689.1), Bacillus cereus 

dAK (ABD37690.1), Bacillus cereus dGK (ABD37691.1), Escherichia coli TK1 

(NP_415754.1), Drosophila melanogaster dNK (AAD56545.1), Homo sapiens TK1 

(NP_003249), Homo sapiens TK2 (CAA71523), Homo sapiens dCK (NP_000779), Homo 

sapiens dGK (AAC50624). The closest start codon to the 5’ end of the homologous sequence 

was applied as the start codon. The identified TK1s amino acid sequences and selected 

characterized TK1s were aligned with the ClustalX program (Thompson et al., 1997) and the 

neighbor-joining phylogenetic tree was created with MEGA software. 
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3.3.5.2 Genomic DNA 

The genomic DNA of Flavobacterium psychrophilum JIP02/86 was provided by E. Duchaud, 

Unité de Virologie et Immunologie Moléculaires, INRA – Domaine de Vilvert (GeneBank 

database accession number NC_009613). The genomic DNA of Polaribacter sp. MED152 was 

provided by J. Pinhassi, Marine Microbiology, University of Kalmar, Sweden (GeneBank 

database accession number NZ_AANA00000000).  

 

 

3.3.5.3 Cloning 

Open reading frames identified by homology to the known dNKs were amplified from the 

genomic DNA by PCR using primers with the restriction enzyme overhang for BamHI and 

EcoRI/MfeI. Primers were designed on the basis of the genome sequences (Eurofins MWG 

Operon) (Table 2). 

 

Table 2: Primers for PCR amplification of dNKs from the genome of F. psychrophilum JIP02/86 (NC_009613) and 

Polaribacter sp. MED 152 (NZ_AANA00000000): the names, 1 and 2, are for the forward and reverse primer, 

respectively. The name in the primer indicates the original bacterium (Pd – Polaribacter sp. MED 152, Fp – F. 

psychrophilum JIP02/86), with the gene code and restriction site contained in the sequence (BamHI, EcoRI, MfeI). 

The restriction sites in the sequences are in bold. 

 

Primer name Primer sequence 

1TTFpTK1-BamHI 5’-CGCGGATCCATGTTTCTCGAAAATACAGTA-3’ 

2TTFpTK1-EcoRI 5’-CGGAATTCTTATAAATGTTCAGCATCTTTT-3’ 

1TTFbdNK-BamHI 5’-CGCGGATCCATGCACATAGCGATAGCAGGA-3’ 

2TTFbdNK-EcoRI 5’-CGGAATTCTTAGAATAGTCCGTTTATTTCG-3’ 

1TTPdTK1-BamHI 5’-CGCGGATCCATGTTTCTTGAAAATACTGTA-3’ 

2TTPdTK1-MfeI 5’-CAATTGTTATTCTTGCGTTGAATTTAAATC-3’ 

1TTPddNK-BamHI 5’-CGCGGATCCATGCACGTTGCAATAGCAGGA-3’ 

2TTPddNK-EcoRI 5’-CGGAATTCTTAGAAAAGTCCATTGATCTGA-3’ 

1TTPdHPPK+dNK-BamHI 5’-CGCGGATCCATGAAAATTCAAAGAATTACC-3’ 

2TTPdHPPK+dNK-EcoRI 5’-CGGAATTCTTATCCTTTTTTTATTTGGTTG-3’ 

1TTPdHPPK%dNK-BamHI 5’-CGCGGATCCATGATTTCTGAGAAGTACAAT-3’ 

2TTPdHPPK%dNK-EcoRI 5’-CGGAATTCTTATCCTTTTTTTATTTGGTTG-3’ 
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Amplified dNKs were digested with appropriate restriction enzymes and sub-cloned into the 

BamHI and EcoRI site of the commercially available expression vector pGEX-2T (Pharmacia 

Biotech) using standard molecular biology techniques. The resulting constructs expressed a 

hybrid protein with the N-terminal Glutathione-S-Transferase (GST) fusion tag, the thrombin 

protease cleavage site, and the dNK of interest. The constructs were transformed into the dNK 

deficient E. coli KY895 strain (Igarashi et al., 1967) using chemically competent cells. The 

correct inserts were confirmed with colony PCR and restriction analysis. Plasmid DNA was 

isolated using the Plasmid Mini prep kit (BioRad/Fermentas) according to the manufacturer’s 

instructions and subsequently sequenced using a commercial service (Eurofins MWG Operon, 

www.eurofinsdna.com).  

 

 

3.3.5.4 Expression and purification of recombinant dNKs 

Expression of recombinant GST-fusion dNKs was performed in E. coli BL21. Freshly 

transformed host cells were grown at 37°C to an OD600 = 0.5 - 0.7 and induced for 4 - 24h (in 

advance, the optimal induction time was determined for each recombinant dNK by performing a 

time course of the induction) at 25°C with 0.1 mM isopropyl-1-thio-β-D-galactopyranoside 

(IPTG). After induction cells were harvested by centrifugation and the pellets were frozen at -

80°C. Pellets from pGEX-2T-fusion expressions were re-suspended in binding buffer (1x PBS 

pH 7.3, 1 mM dithiothreitol (DTT), 10% glycerol, 0.1% Triton-X-100 and 5 mM MgCl2) with an 

EDTA-free complete inhibitor cocktail (Roche) and disrupted by running the suspension twice 

through the French press. Cell debris was removed by centrifugation at 20 000x g for 20 min at 

4°C. The supernatant was subsequently filtered through a GF/C membrane filter and a 0.45 µm 

cellulose acetate filter (Whatman Inc.). Glutathion sepharose affinity chromatography was done 

using the ÄKTA Explorer
TM 

100 system (GE Healthcare). The crude extract was loaded on a 

GSH-sepharose column and washed with binding buffer. One column volume of binding buffer 

containing thrombin (62.5 U mL
-1

) was recycled through the column until cleavage of the fusion 

protein was completed. Uncleaved fusion protein and bound GST-tag were eluted with the 

elution buffer (50 mM Tris-HCl pH 8.0, 10% glycerol, 1 mM DTT and 10 mM reduced L-

glutathione). 
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The yield of recombinant dNKs was followed by measurements of the protein concentration with 

Bradford by using bovine serum albumin (BSA) as a standard (Bradford, 1976). The purity of 

dNKs was determined by denaturing SDS-PAGE. SDS-polyacrylamide gels were prepared by 

pouring separating gel (3 mL of 30% acrylamid, 0.95 mL of 3 M Tris pH 8.8, 75 µL of 10% 

SDS, 75 µL of 10% APS, 3 µL of TEMED and 3.4 mL of dH2O) and stacking gel (0.25 mL of 

30% acrylamid, 0.38 mL of 0.5 M Tris pH 8.8, 15 µL of 10% SDS, 15 µL of 10% APS, 1.5 µL 

of TEMED and 0.86 mL of dH2O). Before loading each sample was diluted with dH2O to reach a 

final concentration of 0.5 ng µL
-1

 in 10 µL and mixed with 2.5 µL of 6X loading buffer (0.35 M 

Tris-HCl pH 6.8, 10.28% (w/v) SDS, 36% (v/v) glycerol, 5% β-Mercaptoethanol or 0.6 M DTT, 

0.012% (w/v) bromophenol blue, store at -80°C) at room temperature, then the mixture was 

vortexed briefly and incubated at 95°C for 5 min. 10 µL of each sample was loaded on an SDS-

polyacrylamide gel. The gel run in 1X running buffer (made from 5X SDS-PAGE running 

buffer: 15g of Tris base, 72g of glycine, 5g of SDS and 1000 mL of dH2O) first at 80V for 20 

min (stacking) and then at 120V for 45 min (separating). Protein bands were visualized by 

staining the gel with Coomassie Brilliant Blue. The gel was placed in the Coomassie staining 

solution (1g Coomassie Brilliant Blue G-250, 450 mL of 96% ethanol and 424 mL of dH2O) for 

30 min, then the staining solution was removed and the gel was destained by soaking it in 

destaining solution (10% ethanol and 10% acetic acid), which was changed several times, until 

protein bands looked satisfactory. 

 

 

3.3.5.5 Kinetic measurements 

The phosphorylating activities of purified dNKs were determined by initial velocity 

measurements based on the four-time samples (4, 8, 12 and 16 min) using the DE-81 filter paper 

(Whatman Inc.) assay and various radio-labeled dN substrate concentrations (Munch-Petersen et 

al., 1991). Standard assay conditions were 50 mM Tris-HCl pH 7.5, 10 mM DTT, 2.5 mM ATP, 

2.5 mM MgCl2, 3 mg mL
-1

 BSA, 0.5 mM CHAPS ((3-(3-cholamidopropyl)-

dimethylammonium)-1-propane sulfonate) and the indicated concentration of radio-labeled dN 

substrate in a final volume of 50 µL. The radioactive dNs (
3
H-dT, 

3
H-dA, 

3
H-dG and 

3
H-dC) 

used in the assay were obtained from Moravek or Amersham. When determining the activities in 
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crude bacterial extracts, NaF (6 mM) was added to the reaction mixture to inhibit phosphatase 

activities, and when dC was used as the substrate, 0.5 mM tetrahydrouridine (THUR) was also 

added to inhibit possible cytidine deaminase activity. The activities were measured at 37°C, 

except for PdTK1 and FpTK1, which were measured at 21°C. When necessary, the enzyme or 

crude extract was diluted in the enzyme dilution buffer (50 mM Tris-HCl pH 7.5, 1 mM CHAPS, 

3 mg mL
-1

 BSA and 5 mM DTT). 1 unit (u) of enzyme activity is defined as the amount of 

kinase that can phosphorylate 1 nmol of nucleoside per minute under standard assay conditions 

(Munch-Petersen et al., 1998). Kinetic data were evaluated by fitting the data to the Michaelis-

Menten equation ν = Vmax * (S)/(Km + (S)) using non-linear regression analysis using Graph 

prism software. 

 

 

3.3.5.6 Thermostability experiments 

In order to determine PdTK1 phosphorylating activity as a function of temperature, 

thermostability experiments were conducted, measuring the activity of the enzyme at 5, 10, 15, 

21, 25, 30 and 37°C. In this case all radio-assays were performed with 500 µM 
3
H-dT as 

substrate and ATP as phosphate donor. When measured at 21 and 25°C, activities were 

determined by initial velocity measurements based on the four-time samples, retrieved after 3, 6, 

9 and 12 min. In the assays performed at 5, 10 and 15°C, the four-time samples were taken after 

5, 15, 30 and 45 min. In order to determine the activity at 30 and 37°C, the assays had to be 

performed with a prolonged time series, with time samples taken after 2, 5, 10, 20, 30 and 40 

min. In a separate experiment the enzyme was pre-incubated at 0 and 37°C for 1 hour prior to the 

measurement of the activity at 21°C. Time samples were then taken after 2, 5, 10, 20, 30 and 40 

min. 

  



41 

3.3.6 Statistical analyses 

 

Linear regression was applied to determined possible trends between bacterial community and 

environmental parameters. Coefficients of determination (R
2
) were calculated for each 

parameter. 
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4 RESULTS 

 

 

4.1  Seasonal dynamics of the bacterial community in the Gulf of Trieste 

 

The seasonal dynamics of the bacterial community was studied in the Gulf of Trieste during two 

consecutive years, 2009 and 2010. Changes of bacterial abundance, production and community 

structure were followed in relation to changing temperature, salinity and nutrient concentrations. 

 

 

Bacterial abundance, production and nutrient dynamics 

 

Bacterial abundance (N) and production (BCP) are presented in Figure 1 (A-D) concurrent with 

the temperature, salinity and nutrient dynamics from January 2009 to December 2010 at 5 m 

depth at the sampling site in the middle of the Gulf of Trieste (00BF). In each year the lowest 

temperature was recorded in February (9 °C). It started to rise in March, and reached 26 - 28 °C 

in summer, with the highest value recorded both years in July (Fig. 1 B). Salinity varied from 31 

to 38 PSU, and was lower in spring (April - May), summer (July - August) and autumn (October 

- November) (Fig. 1 B). The orthophosphate (PO4
3-

) concentration was constantly very low, 

values fluctuating between 0.01 and 0.18 µmol L
-1

(Fig. 1 C), with no clear seasonal dynamics. 

The nitrate (NO3
-
) concentration varied from 0.1 to 9 µmol L

-1
, with higher values recorded in 

spring - early summer (April - June) and late autumn (November - December) in both years (Fig. 

1 D). The concentration of ammonium (NH4
+
) varied from 0.07 to 1.8 µmol L

-1
, with higher 

values recorded in the summer period in both years (Fig. 1 D). The periods of lower salinity 

correspond to the peaks of dissolved inorganic nutrients at 5 m depth (Fig. 1 B-D). 

 

The bacterial abundance varied from 5.5 x 10
7
 to 1.4 x 10

9
 cells L

-1
, showing seasonal dynamics, 

with lower values measured in the winter - early spring period (February - April) and higher 

values in summer - early autumn (July - September) (Fig. 1 A). 
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Figure 1: Seasonal dynamics of bacterial abundance and carbon production (BCP) (A) together with temperature 

and salinity (B), orthophosphate - PO4
3-

 (C), nitrate - NO3
-
 and ammonium - NH4

+
 (D) concentrations at 5 m depth at 

the sampling site in the middle of the Gulf of Trieste from January 2009 to December 2010. 
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Figure 2: Relationship between bacterial abundance (A, C, E, G) and productivity (B, D, F, G) with temperature 

(A, B), orthophosphate -PO4
3- 

(C, D), nitrate -NO3
-
 (E, F) and ammonium - NH4

+
 (G, H) concentrations at 5 m depth 

at the sampling site in the middle of the Gulf of Trieste from January 2009 to December 2010 (coefficients of 

determination (R
2
) are displayed on the individual charts). 
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Bacterial carbon production (BCP) varied from 0.4 to 23.2 µg C L
-1

 d
-1

, showing dynamics 

similar to bacterial abundance (Fig. 1 A). Lower values were measured in the winter - early 

spring period (February - April) and higher values determined in summer - early autumn (June - 

September) (Fig. 1 A). Bacterial growth rates (µ) varied between 0.16 (February 2010) and 2.9 d
-

1
 (June 2010). Bacterial abundance and BCP showed positive linear correlation with temperature 

(R
2
 = 0.35 and 0.53, respectively (Fig. 2 A, B)), and no linear correlation with inorganic nutrient 

concentrations (Fig. 2 C-H). 

 

 

Bacterial community structure dynamics 

 

Changes in bacterial community structure were followed using DGGE analyses of 16S rRNA 

PCR products and by constructing 16S rRNA gene clone libraries. Samples were collected at the 

same time as other physical-chemical parameters from January 2009 to December 2010. 

Bacterial community DNA was extracted from seawater samples taken monthly from 5m depth 

at the sampling site in the middle of the Gulf of Trieste (00BF). On the basis of DGGE banding 

patterns and a relative contribution of each band (%) to the total intensity of the lane (Fig. 3), 

similarity dendrograms were calculated using the Dice coefficient and clustering was performed 

using the UPGMA method (Fig. 4). 
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Figure 3: DGGE gels of bacterial 16S rRNA gene fragments from samples collected monthly at 5 m depth at the 

sampling site in the middle of the Gulf of Trieste during 2009 (left) and 2010 (right). 

 

Cluster analyses of DGGE banding patterns indicate that the composition of bacterial 

assemblages changed seasonally during 2009 and 2010 (Fig. 4). January and February 

communities formed a distinct ‘winter’ cluster in both years. Communities from June to 

September were denoted as the ‘summer’ cluster. In both years the highest degree of similarity 

was between the August and September communities. The June community was found in the 

same cluster in both years and the July community grouped with June in 2010. In 2009 the 

autumn communities - October, November and December - formed a distinct ‘autumn’ cluster 

(Fig. 4 left) and in 2010 the spring communities - March, April and May – formed a distinct 

‘spring’ cluster (Fig. 4 right). However, there are differences in the clustering of the autumn and 

spring communities in both years. In 2010, the October community grouped within the ‘summer’ 

cluster, December within the ‘winter’ cluster and November within the ‘spring’ cluster (Fig. 4 

right). In 2009 March grouped together with the June community in the ‘summer’ cluster (Fig. 4 

left). This discrepancy could be explained by the lack of DNA samples from April, May and July 
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2009, which could alter the clustering of communities or by differences of environmental 

conditions in both years. 

 

 

 

Figure 4: Cluster analyses of DGGE banding patterns of samples collected monthly at 5 m depth at the sampling 

site in the middle of the Gulf of Trieste during 2009 (left) and 2010 (right). Dendrograms were calculated using the 

Dice coefficient; clustering was performed using the UPGMA method. Samples selected for 16S rRNA library 

construction are indicated by circles. 

 

In order to determine bacterial community structure with higher phylogenetic resolution and to 

get a more detailed picture of the dynamics of specific bacterial phylotypes, 16S rRNA gene 

clone libraries were constructed. Samples from distinct clusters were selected for analysis (Fig. 

4). 16S rRNA gene clone libraries were constructed from bacterial community DNA samples 

(Fig. 5) from February, March, June and September 2009 and from February, May, July, August 

and November 2010. Among major bacterial groups detected in all libraries from both years 

were Alpha- and Gamma-proteobacteria, Bacteroidetes and Cyanobacteria (Fig. 5). 
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Figure 5: Composition (% of clones) of 16S rRNA gene clone libraries constructed on the basis of bacterial 

community DNA extracted from samples collected at 5 m depth at the sampling site in the middle of the Gulf of 

Trieste in February, March, June and September 2009 and in February, May, July, August and November 2010. 

 

The highest diversity, in terms of the presence of different bacterial classes, was detected in July 

and August 2010, and the lowest in the March and September 2009 libraries. Consistent with the 

percentage of different bacterial classes the highest degree of similarity was calculated between 

July and August 2010 (close to 90%) and between March and February 2009 (85%), which 

corresponds to the cluster analysis of the DGGE banding pattern. There was approximately 80% 

of similarity between June 2009 and May 2010 and between February and September 2009. 

 

Alphaproteobacteria were one of the most represented bacteria in all libraries from the two 

consecutive years. Their percentage was somewhat constant, ranging from the lowest in June 
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2009 (22%) and May 2010 (25%) to the highest in March 2009 (39%) and November 2010 

(44%) (Fig. 5). 

 

 

 

Figure 6: Changes within the Alphaproteoobacteria class (% of clones) in 16S rRNA gene clone libraries from 

samples collected at 5 m depth at the sampling site in the middle of the Gulf of Trieste in February, March, June and 

September 2009 and in February, May, July, August and November 2010. 

 

Within Alphaproteobacteria the SAR11 clade dominated all libraries (35 - 81%), except in 

February 2009 and July and November 2010, when it was surpassed by Rhodobacteraceae, 

which represented from 14 to 50% of Alphaprotebacteria, except when absent in March and 

June 2009 and in August 2010 (Fig. 6). Rhodospirillace occurred in low percentages (7-14%) in 

the February, July, August and November 2010 (Fig. 6) libraries. Sphingomonadaceae were 

detected in May 2010 (8%) and, together with Hyphomonadaceae, in the June 2009 library 

(when each represented 13% of Alphaproteobacteria) (Fig. 6). Hyphomonadaceae were also 
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detected in July 2010 (14%) (Fig. 6). Two other families were detected only once, 

Erythrobacteraceae in August and Kiloniellaceae in May 2010, representing a small fraction of 

Alphaproteobacteria (8-11%) (Fig. 6). 

 

Gammaproteobacteria represented a lower fraction of the community than Alphaproteobacteria, 

varying from 3% in June 2009 to 19% in September 2009 and 25% in November 2010 (Fig. 5). 

Results indicate the seasonality of Gammaproteobacteria since they were less present in the 

summer libraries (June 2009 and July 2010) and more represented in the autumn libraries 

(September 2009 and November 2010) (Fig. 5). 

 

Bacteroidetes were detected in all 16S rRNA gene clone libraries from the two consecutive years 

(Fig. 5). Among representatives of the Bacteroidetes class members of the Flavobacteria family 

were present in all except the August 2010 library (Fig. 5). Flavobacteria dominated the 

bacterial community in May 2010 (38%) and June 2009 (39%), but represented low percentages 

of clones in February 2010 (9%), March 2009 (5%), July (7%) and November (8%) 2010, 

indicating their preference for the late spring-early summer period (Fig. 5). Sphingobacteria 

were detected in February and September 2009 (6%) and in July and August 2010 (7-8%) (Fig. 

5). Members of Cytophagia were detected only in the May 2010 library (6%) (Fig. 5). 

 

Cyanobacteria varied from 5% in February 2009 and 6% in November 2010 up to 35% in 

February 2010 and even 37% in March 2009, with no clear seasonality (Fig. 5). Other bacterial 

classes that were detected, but represented only a minor part of the bacterial community were 

Delta- and Beta-proteobacteria, Actinobacteria, Planctomycetacia and Verrucomicrobia (Fig. 

5). Actinobacteria were present from February, when their highest percentage (11%) was 

detected, to June 2009 (6%) and then again from May to November 2010 (representing from 2 to 

6% of the bacterial community (Fig. 5). Planctomycetacia were detected in February 2010 and 

from July until November 2010, with the highest percentage from July to August, 7 and 8%, 

respectively, indicating their preference for the summer period (Fig. 5). Verrucomicrobia were 

present from May to November 2010, representing only 2%, except in November when they 

reached 11% of all clones (Fig. 5). Deltaproteobacteria were rarely present and when detected 

represented a small percentage of the community (2-3%). They were detected in June 2009 and 
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in both clone libraries from February (2009 and 2010) (Fig. 5). On the other hand, 

Betaproteobacteria were detected only in the February 2010 library (Fig. 5). 

 

Linear correlations between percentages of dominant bacteria phylla in the 16S rRNA clone 

libraries and selected environmental parameters from the two consecutive years at 5 m depth at 

the sampling site in the Gulf of Trieste were calculated. Coefficients of determination (R
2
) are 

presented in the Table 3. 

 

Table 3: The relationships between dominant bacteria phylla in the Gulf of Trieste and temperature (T), 

orthophosphate (PO4
-3

), nitrate (NO3
-
) and ammonium (NH4

+
) concentrations expressed with coefficients of 

determination (R
2
). 
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T 0.1 -0.33 0 0.03 0 0.035 0.3 0.16 0 

Salinity 0 0.67 0.17 0 0.037 0.029 0.31 0.34 0.14 

PO4
3-

 0.12 -0.35 0.48 0.28 0.05 0.071 0.024 0.033 0.61 

NO3
-
 0.01 0.08 0.1 0 0.08 0.077 0.011 0 0.37 

NH4
+
 0 0.12 0.05 0.058 0.11 0 0.27 0.36 0 

 

Among bacterial phyla detected in the 16S rRNA gene clone libraries Verrucomicrobia showed 

positive linear correlation with PO4
3-

 (R
2
 = 0.61) and with NH4

+
 (R

2 
= 0.37) concentrations 

(Table 3). Planctomycetacia exhibit some correlation with salinity (R
2
 = 0.36) and NH4

+
 

concentrations (R
2
 = 0.36) (Table 3). Similarly, Actinobacteria showed some correlation with 

salinity (R
2
 = 0.31) and NH4

+
 (R

2
 = 0.27) concentrations and also a slight correlation with 

temperature (R
2
 = 0.3) (Table 3). Gammaproteobacteria exhibit some correlation only with PO4

3-
 

(R
2
 = 0.28) concentration (Table 3). There was no correlation between percentages of 

Alphaproteobacteria, Flavobacteria and Cyanobacteria in the 16S rRNA clone libraries and the 

examined environmental factors (Table 3). However, within Alphaproteobacteria, the SAR11 
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clade showed positive linear correlation with salinity (R
2
 = 0.67) and a slightly negative linear 

correlation with temperature and PO4
3-

 concentration (Table 3). In contrast, Rhodobacteraceae 

showed positive linear correlation with PO4
3-

 concentration (R
2
 = 0.48) (Table 3). 
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4.2 Effect of different resources on the bacterial community dynamics in the Gulf of Trieste 

 

 

4.2.1 Inorganic phosphorous enrichment experiment 
 

Seawater was enriched with inorganic nutrients in order to stimulate the growth of phyto- and 

bacterio-plankton. The dynamics of bacterial abundance, carbon production and community 

composition together with nutrient dynamics were followed for 64 days. 

 

 

Bacterial abundance, production and nutrients dynamics 

 

Using differential nutrient additions, two various nutrient conditions were created. The first set 

of enclosures (three 20 L bottles) simulated phosphorous enriched conditions (P+ treatment); 

inorganic nutrients were added to reach a final concentration of 0.5 µmol L
-1

 of orthophosphate 

(P), 20 µmol L
-1

 of nitrate (N) and 20 µmol L
-1

 of silicate (Si). In order to compare the impact of 

inorganic phosphorous enrichment on the phyto- and bacterio-plankton communities the second 

set of enclosures (three 20 L bottles) was amended only with nitrate (20 µmol L
-1

) and silicate 

(20 µmol L
-1

), simulating phosphorous depleted conditions (P- treatment). 

 

In the P+ treatment, the addition of P, N and Si stimulated an intense diatom - dominated 

phytoplankton bloom, as reflected in the chlorophyll a and primary production values. 

Chlorophyll a (Chl a) reached its maximum of 30 µg L
-1

 on day 6 and decreased afterward, 

however it remained higher (between 2.5 and 5 µg L
-1

) than initial (T0) values to the end of the 

experiment (day 64). Primary production (PP) peaked on day 6, reaching over 2000 µg C L
-1

 d
-1

, 

53 times more than initial (T0) carbon fixation, and decreased afterward, however it maintained a 

significant rate of, on average, 280 µg C L
-1

 d
-1

 by day 29 of the experiment (data not shown, 

Malfatti et al., in prep.). By day 6 orthophosphate was depleted from 0.46 to 0.08 µmol L
-1

 (Fig. 

7 A) and in parallel Si decreased from 22 to 1.9 µmol L
-1

 and N decreased from 21 to 0.75 µmol 

L
-1

 (data not shown, Malfatti et al., in prep.). 
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In the P- treatment, two small phytoplankton blooms were recorded; the first on day 8 with Chl a 

1.1 µg L
-1

 and the second on day 64 with Chl a 3.9 µg L
-1

. PP peaked on days 4 - 6 reaching 

around 160 µg C L
-1

 d
-1

, then decreased and peaked again on day 64 reaching 120 µg C L
-1

 d
-1

 

(data not shown, Malfatti et al., in prep.). Orthophosphate concentration was below the detection 

limit throughout the experiment (Fig. 7 A). N and Si were used at a slower rate than in P+. Over 

the 64 day period N decreased from 20 to 12 µmol L
-1

 and Si decreased from 26 to 12.4 µmol L
-1

 

(data not shown, Malfatti et al., in prep.). 

 

 

 

Figure 7: Concentrations of orthophosphate (PO4
3-

) (A) and dissolved organic phosphate (DOP) (B) in P+ and P- 

treatment in the inorganic phosphorous enrichment experiment. 

 

During the first 2 days of the experiment the bacterial abundance decreased in both treatments, 

afterward the differences were observed between both treatments (Fig. 8). In the P+ treatment, 

bacterial abundance increased from 2 x 10
9
 cells L

-1
 to 6.6 x 10

9
 cells L

-1
 on day 8 (Fig. 8 A). 

After that bacterial numbers declined and remained at the pre-bloom values. Bacteria carbon 

production (BCP) increased from an initial 6 µg C L
-1

 d
-1

 to a maximum of 99 µg C L
-1

 d
-1

 

recorded on day 13 (Fig. 8 B). Then BCP decreased over time to 18 µg C L
-1

 d
-1

. Maximum 

specific growth rate (µ) was 2.3 d
-1

 on day 2 and 3.7 d
-1 

on day 13 of the experiment. In the P- 

treatment, bacteria did not change much and decreased from 1.5 cells L
-1 

on day 10 to 0.2 x 10
9
 

cells L
-1 

on day 64 (Fig. 8 A). In the P-, µ was high on day 2 (1.7 d
-1

). The BCP maximum was at 

day 4 with 10 µg C L
-1

d
-1

 and then decreased to the end of the experiment (Fig. 8 B). 
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Figure 8: Bacterial abundance (A) and carbon production (B) in the P+ and P- treatment in the inorganic 

phosphorous enrichment experiment. 

 

In the post – bloom phase (from day 8 to day 13) the maximum of dissolved organic carbon 

(DOC) was recorded (100 µmol L
-1

) in the P+ treatment (Fig. 9 A). From day 10 to day 64 DOC 

concentration decreased slowly, on average at a rate of 0.77 µmol L
-1

 d
-1

 (Fig. 9 A). In the P- 

treatment, DOC increased only to 27.9 µmol L
-1

 throughout the 64 days of the experiment (Fig. 9 

A). In the P+ treatment, particulate organic carbon (POC) increased 7 times from day 2 to day 4 

concurrent with the phytoplankton bloom (Fig. 9 B). From day 6 to day 22 POC concentration 

continued to increase from 0.75 mg C L
-1

 to 1.40 mg C L
-1

 (Fig. 9 B). In the P- treatment, the 

POC concentration increased only to app. 0.2 mg C L
-1

 from day 0 to day 22 (Fig. 9 B). In the P+ 

treatment, the dissolved organic phosphorous (DOP) concentration increased slightly from 0.17 

to 0.2 µmol L
-1

 on day 6, decreasing afterward back to its initial concentration, but was higher 

again on day 29 (0.24 µmol L
-1

) (Fig. 7 B). In the P- treatment, the DOP concentration did not 

change much throughout the experiment (Fig. 7 B). The ratio between DOC and DOP offers 

insights about the preferential re-mineralization (Fig. 7 B, Fig. 9 A) of the organic matter. In P+, 

the ratio was 505 at the beginning. During the decay of the bloom from day 6 to day 13 the ratio 

increased from 475 to 1035 (with a maximum on day 10 of 1091). In P- the ratio was 721 at the 

beginning and later it fluctuated between 695 and 970. 
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Figure 9: Dissolved organic carbon (DOC) (A) and particulate organic carbon (POC) (B) concentrations in the P+ 

and P- treatment in the inorganic phosphorous enrichment experiment. 

 

Electrochemical detection of particles was used to follow the dynamics of the gel microparticles 

(GeP). In the P+ bottle, GeP were not detectable at T0, but increased on day 13. In the P- bottle, 

GeP increased over the first two days of the experiment, but were not detected after day 8 (data 

not shown, Malfatti et al., in prep.) 

 

 

Bacterial community structure dynamics 

 

DGGE showed changes in bacterial community structure between treatments throughout the 

experiment (Fig. 10 A). Bacterial communities grouped into three distinct clusters (I – III) (Fig. 

10 B). Cluster I is comprised of T0 and the day 6 P+ treatment communities (T0 and T6+) (55% 

similarity to each other), as well as days 13 and 22 of the P- treatment communities (T13- and 

T22-, less than 50% similarity to the T0 community fingerprint) (Fig. 10 B). Cluster II comprises 

days 6 and 8 of the P- treatment communities (T6- and T8-, 60% similarity), as well as the 

community from day 8 in the P+ treatment (T8+), which has only 40% similarity to the other two 

(Fig. 10 B). Cluster III comprises days 13 and 22 of the P+ treatment communities (T13+ and 

T22+), which have only 30% similarity to T8+ and 30% similarity to T0 (Fig. 10 B). 
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Figure 10: DGGE gel (A) and cluster analysis (B) of bacterial 16S rRNA gene fragments from samples collected at 

the beginning of the experiment (T0), on days 6, 8, 13, 22 and 64 in the P+ treatment (T6+, T8+, T13+, T22+, T64+) 

and the P- treatment (T6-, T8-, T13-, T22-, T64-) during the inorganic phosphorous enrichment experiment. 

Dendrograms were calculated using the Dice coefficient; clustering was performed using the UPGMA method. 

 

In the P+ treatment, there was a large shift in community composition over the first 6 days (from 

T0 to T6+), since there was only 55% similarity between the two fingerprints (Fig. 10 B). 

Afterwards community structure diverged even more, with only 30% similarity among the T0 

and T8, T13 and T22 community DNA fingerprints (Fig. 10 B). The T8 community formed a 

separate cluster, showing only 40% similarity to the T13 and T22 (Fig. 10 B). In the P- 

treatment, the largest perturbation of community structure happened from T0 to T6, since those 
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communities have only 20% similarity to each other (Fig. 10 B). Afterward, from T6 to T8, the 

bacterial community structure did not change much, since almost 60% similarity was maintained 

between the two fingerprints (Fig. 10 B). However, the T13 and T22 communities diverged far 

from T8, showing more similarity to the T0 composition (Fig. 10 B). 

 

The 16S rRNA gene clone libraries gave an insight into bacterial community composition at 

crucial time points of the experiment: at T0, on day 6 at the peak of Chl a and PP (T6), on day 8 

at the peak of bacterial abundance and at the transition to the decay phase of the phytoplankton 

bloom (T8) and on day 13 at the peak of BCP, the highest DOC concentration and GeP particle 

abundance (T13) (Fig. 11). For comparison of different conditions clone libraries were created 

using bacterial community DNA from the same time points in the P+ and P- treatments. 16S 

rRNA sequences of bacterial clones from all clone libraries were deposited in GeneBank (NCBI) 

under accession numbers from JF495413 to JF495455, from JF508974 to JF509042 and from 

JF915067 to JF915066. 

 

At the beginning of the experiment (T0), the bacterial community was dominated by 

Alphaproteobacteria (67%), which included the SAR11 clade (69%), Rhodobacteriaceae (14%), 

Rhodospirillaceae (10%) and 7% of the clones which affiliated with unclassified 

Alphaproteobacteria (Fig. 11). Other bacterial groups that were detected in the T0 clone library 

were Gammaproteobacteria (14%), Flavobacteria (7%), Verrucomicrobia (7%), 

Betaproteobacteria (2%) and Deltaproteobacteria (2%) (Fig. 11). 
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Figure 11: Composition (% of clones) of 16S rRNA gene clone libraries constructed on the basis of bacterial 

community DNA extracted from samples collected at the beginning of the experiment (T0), on days 6, 8 and 13 in 

the P+ treatment (T6+, T8+, T13+) and the P- treatment (T6-, T8-, T13-, T22-) during the inorganic phosphorous 

enrichment experiment. 

 

Alphaproteobacteria represented a large percentage of the bacterial community in both 

treatments (P+ and P-) throughout the experiment (Fig. 11). However at T8 in the P+ treatment 

they decreased to 40% as Gammaproteobacteria increased to 47% (Fig. 11). At T13 

Alphaproteobacteria again represented the highest percentage of all bacterial clones (Fig. 11). At 

the same time (T13) in the P- treatment both classes were app. equally represented (32-38%) 

(Fig. 11). 

 

The dynamics within the Alphaproteobacteria class varied substantially between the two 

treatments (Fig. 12). On day 6 the percentage of Rhodobacteraceae increased in the P+ 
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treatment, while Rhodospirillaceae were no longer detected (Fig. 12). At the same time, 

Rhodospirillaceae increased to 20% in the P- treatment (Fig. 12). Erythrobacteraceae were 

detected in the P+ treatment on day 8 (5%) and increased to 13% on day 13 (Fig. 12). Bacteria 

affiliated with the SAR11 clade dominated the Alphaproteobacteria from T0 to T13 in both 

treatments, with one exception: in the P+ treatment on day 13 Rhodobacteraceae represented 

67% of all clones affiliated with Alphaproteobacteria (Fig. 12). 

 

 

 

Figure 12: Changes within the Alphaproteobacteria class (% of clones) in 16S rRNA gene clone libraries from 

samples collected at the beginning of the experiment (T0), on days 6, 8 and 13 in the P+ treatment (T6+, T8+, T13+) 

and the P- treatment (T6-, T8-, T13-, T22-) during the inorganic phosphorous enrichment experiment. 

 

At T6 Deltaproteobacteria were not detected and at T8 Betaproteobacteria were not detected in 

the clone libraries from either treatment (Fig. 11). Verrucomicrobia decreased from T0 (7%) to 

T6 (3%) in P+ and P-and were not detected at T8 (Fig. 11). 
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The dynamics of Flavobacteria were quite variable (Fig. 11). In the P+ treatment they 

represented from 2 to 11% of all clones and were higher at T6 and at T13 (Fig. 11). In the P- 

treatment they were either not detected or represented only a small part of the bacterial 

community (Fig. 11). Another class of the Bacteroidetes phylum was detected in the 16S rRNA 

clone libraries, Sphingobacteria, however they were only detected at T13 in the P- treatment, 

representing only 2% of the bacterial community (Fig. 11). 

 

Cyanobacteria were not detected at the beginning of the experiment and were present only at T8 

in both treatments, when they represented 9 and 11% of the community in P+ and P-, 

respectively (Fig. 11). At T13 they decreased in P+ to 4% and they increased in P-, representing 

20% of the bacterial clones (Fig. 11). Planctomycetes were detected at T13, representing 4% in 

the P+ and 2% in the P- treatments (Fig. 11). According to BLASTn at NCBI, from 2-12% 

(T13+P) of sequences were affiliated with unclassified bacteria in all the 16S rDNA clone 

libraries, except in T0 (Fig. 11). 
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4.2.2 Jellyfish substrate enrichment experiment 
 

Gelatinous zooplankton carcasses might represent an important source of organic and inorganic 

nutrients and have an impact on the activity and composition of the ambient bacterial 

community. The degradation of jellyfish protein-rich substrate by bacteria, inorganic nutrient 

accumulation and changes in bacterial community structure were followed in six enrichment 

experiments in two marine ecosystems, the Gulf of Trieste (northern Adriatic) and the Big Lake 

(Mljet Island, southern Adriatic) during spring 2008 and 2009 (Table 1). In the first set of 

experiments the response of the ambient bacterial community to the addition of the same type of 

jellyfish homogenate (Aurelia sp. - A) from the two ecosystems was compared. In the second set 

of experiments, conducted in spring 2009 in the Gulf of Trieste, the impact of different jellyfish 

species, Pelagia noctiluca (P) and Rhizostoma pulmo (R) was compared to Aurelia sp. (A). At 

the same time the possible impact of jellyfish associated bacteria on the ambient bacterial 

community was tested. 

 

 

Bacterial abundance, production and nutrient dynamics 

 

Bacterial colonization of jellyfish micro-particles was observed by microscope within the first 

24h of the experiments, and the bacterial numbers increased substantially in the following days. 

After 2 days of the lag phase, the abundance of bacteria increased exponentially from an initial 

value of 4.1 x 10
8
 to 2.3 x 10

10
 cells L

-1
 with a 0.76 d

-1
 growth rate in the A-enriched bottle 

during the experiment in the Gulf of Trieste in spring 2008 (Fig. 13 A, Table 4). In the second set 

of experiments equal amounts of different jellyfish homogenates were added to each of the 

experimental bottles in spring 2009 in the Gulf of Trieste (Table 1). After 3 days of the lag 

phase, the abundance of bacteria increased from an initial 2.8 x 10
8
 to 1.1 x 10

9
 cells L

-1
 and to 

3.4 x 10
9
 cells L

-1
 in the A and R bottles, respectively (Fig. 13 A). The addition of P homogenate 

triggered the highest response of bacteria, since numbers increased from an initial 2.4 x 10
8
 to 

1.9 x 10
10

 cells L
-1

 (Fig. 13 A). Correspondingly, the highest bacterial growth rates were 

determined in the P bottle with 1.49 d
-1

, followed by R – 1.1 d
-1

 and by A – 0.46 d
-1

 (Table 4). 

Bacterial numbers continued to increase until the end of all the experiments. The difference in 
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the growth rates determined for A bottles from two consecutive years in the Gulf of Trieste 

emerge either from higher homogenate concentration in 2008 (30 g L
-1

 compared to 12.5 g L
-1

 in 

2009) or from the difference in ambient temperature (14°C in 2008 11°C in 2009) (Table 1). 

 

 

 

Figure 13: Bacterial abundance (A, B) and production (C, D) measured during the jellyfish enrichment experiments 

in the Gulf of Trieste (A, C) and Big Lake (B, D) in spring 2008 (I) and 2009 (II). A - Aurelia sp., P - P. noctiluca, 

R - R. pulmo, C - Control. 

 

On the other hand, in two consecutive years in the Big Lake, bacterial abundance already 

reached the maximum on day 3 after the addition of A homogenate to the experimental bottles 

(Fig. 13 B). Numbers increased from 3 x 10
8
 to 2.9 x 10

9
 cells l

-1
 in 2008 and from 8 x 10

8
 to 4.6 

x 10
9
 cells l

-1
 in 2009 (Fig. 13 B). The difference in bacterial growth rate, which was 0.66 d

-1
 in 

2008 and 0.37 d
-1

 in 2009, emerged probably from higher homogenate concentration in 2008 (15 

g L
-1

 compared to 5.5 g L
-1

 in 2009) (Table1, Table 4). After the peak of abundance, bacteria 

continuously decrease toward the end of the experiments. The bacterial abundances and growth 
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rates in the control bottles remained lower throughout the experiments compared to the values 

measured in the bottle enriched with jellyfish homogenate (Fig. 13 A, B). 

 

Similar trends were observed when following bacterial carbon production (BCP), which was 

measured only in 2009 at both locations (Fig. 13 C, D). In the Gulf of Trieste the largest increase 

in bacterial productivity was recorded on day 3 in all of the bottles enriched with jellyfish 

homogenate (Fig. 13 C). By day 3 the BCP increased from an initial value of 0.1 to 70.3 µg C L
-1

 

d
-1

 in the A bottle, up to 322.5 µg C L
-1

 d
-1

 in the P bottle and 356.6 µg C L
-1

 d
-1

 in the R bottle 

(Fig. 13 C). Afterward bacterial productivity gradually increased in the A bottle until the end of 

experiment (386.6 µg C L
-1

 d
-1

). On the other hand, in the P and R bottles bacterial productivity 

did not change much to the end of the experiment. In contrast, in the experiments in the Big 

Lake, BCP reached its maximum of 101.5 µg C l
-1

 d
-1

 over the first 2 days after addition of A 

homogenate, and afterward decreased to the end of the experiment (Fig. 13 D). Throughout the 

experiments the BCP in the control bottles remained lower compared to the values measured in 

the jellyfish-enriched bottles (Fig. 13 C, D). 

 

Due to the gradually released proteins from degrading jellyfish tissue, the dissolved protein 

concentration, measured in the GF/F filtrate, increased in all jellyfish-enriched bottles over the 

first 2 days of the Gulf of Trieste 2008 and 2009 experiments (Fig. 14 A). The highest protein 

concentration was measured in the P bottle (3.8 µg mL
-1

), followed by the R bottle (3.6 µg mL
-1

) 

and the A bottle (2.3 µg mL
-1

 in 2008 and 1.7 µg mL
-1

 in 2009) (Fig. 14 A). On days 2-3 the 

dissolved protein concentration in all jellyfish-enriched bottles started to decrease to the end of 

the experiment (Fig. 14 A). In the Big Lake experiments, the initial protein concentrations in the 

A bottles was 0.64 µg ml
-1

 in 2008 and 1.07 µg ml
-1

 in 2009 (Fig. 14 B), but in contrast to the 

Gulf of Trieste experiments, it already started to decrease after the first 24h.(Fig. 14 B). In the 

control bottles at both locations in both years the dissolved protein concentrations remained 

considerably lower compared to the jellyfish-enriched bottles throughout the experiments (Fig. 

14 A, B). 
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Figure 14: Dissolved (GF/F filtrate) protein concentration (µg mL
-1

) (A, B) and ammonium (NH4
+
) concentration 

(C, D) measured during the jellyfish enrichment experiments in the Gulf of Trieste (A, C) and Big Lake (B, D) 

during spring 2008 (I) and 2009 (II). A - Aurelia sp., P - P. noctiluca, R - R. pulmo, C - Control. 

 

Ammonium concentration (NH4
+
) increased with time in all jellyfish-enriched bottles (Fig. 14 C, 

D). In the Gulf of Trieste experiments NH4
+
 increased continuously from 0.5 to 127.4 µmol L

-1
 

in 2008 and from to 0.82 to 65.4 µmol L
-1

 in 2009 by day 6 in the A bottle (Fig. 14 C). At the 

end of the experiment, NH4
+
 concentration reached 125.3 µmol L

-1
 in 2008 and 77.7 µmol L

-1
 in 

2009, in the A bottle. In the P and R bottles, the NH4
+
 concentrations on day 6 were higher, 

reaching 210.1 and 144.9 µmol L
-1

, respectively (Fig. 14 C). At the end of the experiment, the 

NH4
+
 concentration in the P bottle reached 211.7 µmol L

-1
 (Fig. 14 C). The bacterial growth rates 

and the rates of NH4
+
 accumulation in all jellyfish-enriched bottles are presented in the Table 4. 

In the A bottles, the rate of NH4
+
 accumulation was 0.67 and 0.82 µmol g

-1
 d

-1
 in the Gulf of 

Trieste 2008 and 2009, respectively (Table 4). In the R and P bottles, NH4
+
 accumulation was 

considerably higher, 1.6 and 2.7 µmol g
-1

 d
-1

, respectively (Table 4). In the Big Lake, NH4
+
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concentration increased continuously after A homogenate addition from 0.3 to 38.2 µmol L
-1

 in 

2008 and from 0.32 to 17 µmol L
-1

 in 2009 by day 4 of each experiment (Fig. 14 D). In the 2009 

experiment, the rate of NH4
+
 accumulation was 0.55 µmol g

-1
 d

-1
 (Table 4). The NH4

+
 

concentrations in all control bottles remained low and changed only slightly compared to the 

jellyfish-enriched bottles throughout the experiments at both locations in both years (Fig. 14 C, 

D). 

 

Table 4: Results of the bacterial growth rate (µ) and the ammonium (NH4
+
) accumulation rate expressed as µmol of 

NH4
+
 per gram of added homogenate per day together with ambient seawater temperature (°C) for all jellyfish-

enrichment experiments in the Gulf of Trieste (Piran) and in Big Lake. A - Aurelia sp., P - P. noctiluca, R - R. pulmo 

 

Experiment 
T 

(°C) 

µ 

(d
-1

) 

NH4
+
 accumulation 

(µmol g
-1

 day
-1

) until 6
th

 day 

Piran 2008 A I 14 0.76 0.67 

Piran 2009 A II 11 0.46 0.82 

Piran 2009 P 11 1.49 2.7 

Piran 2009 R 11 1.05 1.6 

Big Lake 2008 A I 17 0.66 / 

Big Lake 2009 A II 19 0.37 0.55 

 

The addition of jellyfish homogenates to the bottles also changed dissolved inorganic (DIP) and 

organic (DOP) concentrations (Fig. 15). In the 2008 experiment the addition of A resulted in an 

initial DOP concentration of 7.2 µmol L
-1

 and after 24h it started to decrease to the end of the 

experiment (Fig. 15 C). In the 2009 experiment, the DOP concentration increased over the first 2 

days after the jellyfish homogenate addition in all bottles due to release of DOP pool compounds 

from degrading jellyfish tissue (Fig. 15 C). The highest DOP concentration was reached in the P 

bottle (20.6 µmol L
-1

), followed by the R (11.8 µmol L
-1

) and A bottles (7.9 µmol L
-1

) (Fig. 15 

C). Similarly to the dissolved protein dynamics, DOP also started to decrease on day 3 in all 

bottles, however it remained considerably higher at the end of the experiment, compared to the 

control bottle in which the concentration was consistently lower (Fig. 15 C). 
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Figure 15: Dissolved organic phosphorous (DOP) (C, D) and orthophosphate (PO4
3-

) (A, B) concentrations 

measured during the jellyfish enrichment experiments in the Gulf of Trieste (A, C) and in Big Lake (B, D) in spring 

2008 (I) and 2009 (II) (note the difference in concentrations between figures). A - Aurelia sp., P - P. Noctiluca, R - 

R. pulmo, C - Control. 

 

The PO4
3-

 concentrations followed the same trends as the DOP concentrations (Fig. 15). After 

the addition of A homogenate to the bottle the PO4
3-

 was 4.2 µmol L
-1

 and in the next 24h started 

to decrease to the end of the experiment in 2008 (Fig. 15 A). In the 2009 experiment, the PO4
3-

 

concentration increased over the first 3 days in all the bottles (up to 14.1 µmol L
-1

 in P, 11.5 

µmol L
-1

 in the R and 4 µmol L
-1

 in the A bottle) (Fig. 15 A). Afterward it started to decline to 

the end of the experiment (down to 5.3, 2 and 2.7 µmol L
-1

 in the P, R and A bottles, 

respectively) (Fig. 15 A). However, it still remained high compared to values measured in the 

control bottle (Fig. 15 A). In the Big Lake experiment in 2009, a similar pattern was observed. 

After an initial increase, DOP concentrations decreased slightly but steadily, while PO4
3-
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concentration increased during the last two days of the experiment (Fig. 15 B, D). The 

experiment in 2008 lasted only 4 days, so only the initial increases of DOP and PO4
3-

 

concentrations were recorded, the latter starting to decrease at the end, which suggested a pattern 

similar to that observed in 2009 (Fig. 15 B, D). 

 

 

 Bacterial community structure dynamics 

 

In the first set of experiments we compared the response of the ambient bacterial community to 

the addition of the same type of jellyfish substrate (Aurelia sp.) from two marine ecosystems – 

the Gulf of Trieste (northern Adriatic) and the Big Lake (Mljet Island, southern Adriatic) in 

spring 2008. The bacterial community composition in the jellyfish-enriched bottles changed with 

time, as indicated by differences between the community fingerprints of the samples from the 

beginning (T0) and at the end of the experiments (Tf) (Fig. 16). In the Gulf of Trieste experiment, 

the number of bands decreased from T0 to Tf (from 10 to 8 and from 9 to 7 in the two replicates) 

and even more in the controls (TfC) (from 10 to 6 and from 9 to 2) (Fig. 16 A). Although, some 

bands were conserved at the same position in all fingerprints, indicating that some bacterial 

groups were always present, both the band positions and their intensities clearly showed that 

changes in bacterial community composition occurred in the A-enriched bottles and in the 

controls (Fig. 16 A). In the Big Lake experiment, the number of bands (8) did not change 

between T0 and Tf, either in the A-enriched bottle (TfA) or in the control (TfC) (Fig. 16 A). 

Comparison of the positions of bands showed that some were conserved in all fingerprints (T0, 

TfA, and TfC), while other bands were not detected or were new in the A-enriched bottles and in 

the control (Fig. 16 A). A dendrogram showed that the bacterial communities grouped in two 

clusters; the A-enriched communities (A) formed one cluster and the T0 communities another 

(Fig. 16 B). The control communities fit into separate clusters (Fig. 16 B). 
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Figure 16: DGGE gel (A) and cluster analysis (B) of 16S rRNA gene fragments from the Gulf of Trieste and Big 

Lake 2008 experiments. The first three lanes represent the community fingerprints from Big Lake (BL) and the next 

six lanes the community fingerprints from the Gulf of Trieste experiment (PI, two replicates). The numbers below 

each lane are the numbers of bands detected. A dendrogram was calculated using the Dice coefficient; clustering 

was performed using the UPGMA method. BL – Big Lake, PI – Gulf of Trieste; T0 – at the beginning of the 

experiment, Tf – at the end of the experiment; A – Aurelia-amended bottle, C – control bottle. 
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In the second set of experiments, the impact of different jellyfish substrates on ambient bacterial 

community dynamics was examined in the Gulf of Trieste in spring 2009. This time the bacterial 

community structure dynamics were followed using two different approaches – by isolating 

colony forming units from ZoBell agar plates and by culture - independent genetic analysis using 

DGGE analysis of 16S rRNA gene PCR products and by creating 16S rRNA gene clone 

libraries. 

 

DGGE analysis of 16S rRNA PCR products was used to track changes in bacterial community 

composition from the beginning (T0), through day 1 (T1), day 2 (T2), day 3 (T3), day 6 (T6), to 

the end of the experiment (on day 9 – T9) in the bottles with jellyfish homogenate addition (A, P 

and R) and in the control bottle (C) (Fig. 17 A). By comparing fingerprints from the start (T0) to 

the end of the experiment (T9) we observed that the bacterial community composition changed 

over time in the bottles with jellyfish homogenate addition, while the structure of the bacterial 

community in the control bottle did not diverge so much from the starting community (Fig. 17). 

 

The similarity dendrogram indicates three separate clusters (Fig. 17 B). The first one (Fig. 17 B - 

I) consists of T0, A3 and the control bottle communities (C1, C2, C6 and C9), and can be divided 

in two sub-clusters - one formed from T0, C1, C2 and C9 communities and a second sub-cluster 

formed by the C6 and A3 communities which have less similarity to the T0 community. The 

other two big clusters (Fig. 17 B - II and III) consist only of communities from bottles with 

jellyfish addition (A, P and R). Cluster II divides into two sub-clusters; one which consists of the 

P3, R3 and R6 communities, from which R3 and R6 group together, and the other which consists 

of R2, P1, A6 and A9 (Fig. 17 B – II). Cluster III consists strictly of P. noctiluca bottle 

communities from the later sampling time points (Fig. 17 B – III). 
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Figure 17: DGGE gel (A) and cluster analysis (B) of 16S rRNA gene fragments from samples collected at the 

beginning of the experiment (T0), on days 1, 2, 6 and 9 from the C-bottle (C1, C2, C6, C9) and on days 3, 6 and 9 

from the A-bottle (A3, A6, A9) and on days 1, 3, 6 and 9 from the P-bottle (P1, P3, P6, P9) and on days 2, 3 and 6 

from the R-bottle (R2, R3, R6). S- Standard. A dendrogram was calculated using the Bray-Curtis coefficient; 

clustering was performed using the UPGMA method. A - Aurelia sp., P - P. noctiluca, R – R. pulmo, C – Control. 
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In order to determine changes in the species composition of bacterial communities due to 

different jellyfish homogenate additions more precisely, we selected one DNA sample from each 

distinct cluster to create 16S rRNA clone libraries – T0, A9 (A bottle on day 9), P9 (P bottle on 

day 9) and R6 (R on day 6) (Fig. 18, Appendix C). 

 

 

 

Figure 18: Composition (% of clones) of 16S rRNA gene clone libraries constructed on the basis of bacterial 

community DNA extracted from samples collected at T0, on day 9 from the A-bottle (A9), on day 9 from the P-

bottle (P9) and on day 6 from the R-bottle (R6). A - Aurelia sp., P - P. noctiluca, R – R. pulmo, C – Control. 

 

The bacterial community at T0 was dominated by Alphaproteobacteria (76%, which affiliated 

almost exclusively with the SAR11 clade), followed by Flavobacteria (11%) and 

Gammaproteobacteria (8%) (Fig. 18). A small percentage of clones belonged to 

Betaproteobacteria (3%) and Cyanobacteria (3%) (Fig. 18). In the A9, P9 and R6 libraries we 

observed the reduction in diversity of the bacterial community (Fig. 18). The uncultivatable 

Alphaproteobacteria, which dominated the community in the T0 library, were not detected in the 

jellyfish-enriched bottles, in which mainly the culturable Gammaproteobacteria were present 
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(Fig. 18, Appendix C). In the A9 clone library, Gammaproteobacteria represented 75% of all 

bacterial clones, which affiliated with the Vibrionaceae family. The rest of the clones (25%) 

were Flavobacteria (Fig. 18). Also in the P9 library Flavobacteria represented 29% of clones 

and again the community was dominated by Gammaproteobacteria (71%), which were different 

and more diverse compared to A9, since among them were representatives of 

Pseudoalteromonadaceae (35%), Shewanellaceae (24%), Vibrionaceae (6%) and 

Oceanospirillaceae (6%) (Fig. 18). The R6 library was composed only of 

Gammaproteobacteria, which were represented by the Pseudoalteromonadaceae (64%) and 

Vibrionaceae (36%) families (Fig. 18). When comparing bacterial community composition from 

the beginning of the experiment (T0) to the communities being amended with different jellyfish 

substrates we observed that in all three experimental bottles A, P and R, the bacterial population 

had shifted from uncultured to species known to be associated with different rich organic 

substrates (Appendix C). Since the jellyfish used in the experiment were not priorly washed 

these bacterial species might be introduced together with jellyfish homogenates. According to 

16S rRNA sequences of bacterial isolates obtained throughout the experiment from all bottles 

(A, P, R and C) the culturable part of the bacterial community was predominantly 

Gammaproteobacteria, dominated by Vibrionaceae and followed by Pseudoalteromonadaceae 

(Appendix C). The closest relatives of bacterial isolates were isolated from either sea animals or 

sea water (Appendix C). 
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4.3 Aquatic bacteria and deoxyribonucleoside kinases 

 

 

4.3.1 Deoxyribonucleoside kinases in Polaribacter sp. MED 152 and F. 

psychrophilum JIP02/86 
 

 

Two aquatic bacteria have several dNKs 

 

Several aquatic bacterial genome sequences were searched for genes homologous to the known, 

previously characterized bacterial and eukaryote dNKs. Later on, two of the analyzed bacteria, F. 

psychrophilum JIP02/86 and Polaribacter sp. MED 152, both Gram-negative and both belonging 

to the Bacteroidete class, served as model organisms in our studies. Putative genes encoding 

dNKs in the bacterial genomes of F. psychrophilum JIP02/86 (NC_009613) and Polaribacter sp. 

MED 125 (NZ_AANA00000000) are listed in Table 5. In each species, we identified one TK1-

like kinase (FpTK1 and PdTK1 respectively; Table 5). The two identified TK1s amino acid 

sequences and previously characterized TK1s were aligned and analyzed for their phylogenetic 

relationship. Interestingly, both FpTK1 and PdTK1, grouped together with the usual Gram-

positive TK1-like dNKs (Fig. 19). 

 

Table 5: Genes encoding dNKs in the bacterial genomes of F. psychrophilum JIP02/86 (NC_009613) and 

Polaribacter sp. MED 152 (NZ_AANA00000000), their abbreviations, accession numbers and plasmids used for 

over-expression (the Piskur collection in Lund). 

 

Organism Putative dNK Accession nr. P number 

F. psychrophilum JIP02/86 FpTK1 YP_001295968 P956 

FpdNK YP_001295196 P957 

Polaribacter sp. MED 152 PdTK1 ZP_01053169 P971 

PddNK ZP_05108125 P972 

PdHPPK+dNK ZP_05107993 P973 

PdHPPK%dNK ZP_05107993 P974 
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Surprisingly for Gram-negative bacteria, in F. psychrophilum JIP02/86 we also identified one 

non-TK1 dNK (FpdNK) and in Polaribacter sp. MED 152 we found two non-TK1 dNKs, one of 

them representing a hybrid between non-TK1 and a sequence encoding 6-hydroxymethyl-7,8-

dihydropterin pyrophosphokinase, HPPK (PdHPPK+dNK) (Table 5). The HPPK catalyzes the 

attachment of pyrophosphate to 6-hydroxymethyl-7,8-dihydropterin to form 6-hydroxymethyl-

7,8-dihydropteridine pyrophosphate. This is the first step in the three-step pathway that leads to 

7,8-dihydrofolate. Similar hybrid genes were also found in several other bacteria belonging to 

the Bacteroidetes class. 

 

 

 

Figure 19: Neighbor-joining phylogenetic tree of the TK1-like kinases from Gram-negative bacteria Polaribacter 

sp. MED 152 (PdTK1) and F. psychrophilum JIP02/86 (FpTK1) together with previously biochemically 

characterized TK1s. The following bacterial and human TK1s were used in analysis: RmTK – Rhodothermus 

marinus TK1 (ACY49479.1), SaTK – Staphylococcus aureus TK1 (ABD37699.1), BcTK – Bacillus cereus TK1 

(NP_834992.1), BaTK – Bacillus anthracis TK1 (YP_031418.1), MmTK – Mycoplasma mycoides TK1 

(CAC85214.1), UuTK – Ureaplasma urealyticum TK1 (Q9PPP5.1), UpTK – Ureaplasma parvum TK1 

(NP_078433.1), TmTK – Thermotoga maritima TK1 (Q9WYN2.1), SpTK – Streptococcus pyogenes TK1 

(ABO07417.1), PmTK – Pasteurella multocida TK1 (NP_246173.1), SeTK – Salmonella enterica TK1 

(NP_455750.1), EcTK – Escherichia coli TK1 (NP_415754.1), HsTK – Homo sapiens TK1 (AAH07986.1). 
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All the identified dNK genes were successfully amplified from genomic DNA (Table 2, Table 5) 

and sub-cloned into the pGEX-2T expression vector. In addition, in order to test the significance 

of the HPPK domain for the phosphorylating activity of the Polaribacter sp. MED 152 

PdHPPK+dNK hybrid, also a recombinant dNK without the HPPK domain was constructed 

(PdHPPK%dNK) (Table 2, Table 5). 

 

 

Substrate specificity of recombinant dNKs 

 

The level of amino acid identity with the biochemically characterized dNKs may not be a 

sufficient parameter to predict the substrate specificity. Therefore, putative dNKs genes were 

sub-cloned into the pGEX-2T expression vector (Table 5) to determine their activity on various 

substrates experimentally. Initially, the substrate specificity of recombinant dNKs was tested in 

transformed TK1 negative E.coli KY895 crude extracts (Table 6). dNKs’ phosphorylating 

activities were tested with all native dN substrates: dT, deoxyadenosine (dA), deoxyguanosine 

(dG) and deoxycytidine (dC). The assays were done at 100 µM substrate concentration of the 

phosphate acceptor and with 2.5 mM ATP as the phosphate donor. All assays were performed at 

37°C, except for FpTK1 and PdTK1. For these two enzymes it was determined that 21°C was the 

optimal temperature to measure their activity. The TK1-like dNK from F. psychrophilum 

JIP02/86 (FpTK1) phosphorylated dT (672.5 u mg
-1

) and the non TK1-like dNK (FpdNK) 

phosphorylated dA (252.1 u mg
-1

), dG (7.2 u mg
-1

) as well as dC (7.1 u mg
-1

) (Table 6). The 

Polaribacter sp. MED 152 TK1-like dNK (PdTK1) phosphorylated dT (2025 u mg
-1

), and the 

non TK1-like dNK (PddNK) phosphorylated dA (285.8 u mg
-1

) as well as dC (23.4 u mg
-1

) 

(Table 6). The PdHPPK+dNK hybrid showed poor activity with dG, and the shortened 

recombinant enzyme PdHPPK%dNK (without HPPK) also showed very low activity (Table 6). 

The hybrid proteins were not characterized further. In short, the sub-cloned dNKs indeed 

represent active dNKs. However, the function of the hybrid gene is unclear. 
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Table 6: The aquatic dNKs phosphorylation capacity for the four native substrates. E. coli KY895 was transformed 

with six different dNKs genes, expression of proteins was induced by IPTG. Phosphorylation activity was tested on 

crude lysates at 37°C or 21°C, and is presented in u mg
-1

, n.a. means no activity. Concentration of radio-labeled dNs 

substrates used in assays was 100 µM. Radio-assay of dNKs activity was performed at 37°C (*) or at 21°C (**). 

 

  
Substrate 

 

Origin of dNKs dNKs dT dA dG dC 

F. psychrophilum JIP02/86 

 

FpTK1** 672.5 2.9 n.a. n.a. 

FpdNK* 0.2 252.1 7.2 7.1 

Polaribacter sp. MED 152 PdTK1** 2025 n.a. n.a. 1 

PddNK* n.a. 285.8 0.35 23.4 

PdHPPK+dNK* n.a. n.a. 1.6 n.a. 

PdHPPK%dNK* n.a. 0.1 1 0.1 

 

 

Over-expression of dNKs 

 

All recombinant dNKs were expressed in E. coli BL21 and purified using affinity 

chromatography. The N-terminal GST-fusion provided by the pGEX-2T vector was used as the 

affinity tag. Thrombin was used as a specific protease cleaving the GST-tag from the kinase of 

interest, leaving only two extra amino acids (glycine and serine) at the N-terminus. Afterwards, 

pure recombinant protein was eluted from the GSH-column. In the case of FpdNK and PddNK, 

we were not able to remove the GST-tag from the dNK of interest therefore the whole GST-

fusion protein was eluted from the column and characterized. Purified dNKs were visualized by 

denaturing SDS-PAGE and Coomassie staining (Fig. 20 A-D). The size of the pure proteins was 

in reasonable agreement with theoretical molecular weights. The molecular weight for the pure 

recombinant proteins, FpTK1 and PdTK1, was around 20-25 kDa (Fig. 20 A, C), while for the 

GST-fusion proteins, FpdNK+GST and PddNK+GST, it was, as expected due to the GST part, 

around 50 kDa, (Fig. 20 B, D). 
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Figure 20: Coomassie stained SDS-PAGE gels of purified recombinant dNKs. (A) F. psychrophilum JIP02/86 TK1 

(FpTK1). Lane 1, protein marker (BioLabs); lane 2, crude extract; lane 3, flow through; lane 4, pure FpTK1. (B) F. 

psychrophilum JIP02/86 dNK (FpdNK). Lane 1, protein marker (BioLabs); lane 2, crude extract; lane 3, flow 

through; lane 4, pure FpdNK+GST (uncleaved fusion protein with bound GST-tag). (B) Polaribacter sp. MED152 

TK1 (PdTK1). Lane 1, protein marker (BioLabs); lane 2, crude extract; lane 3, flow through; lane 4&5, pure PdTK1. 

(D) Polaribacter sp. MED152 dNK (PddNK). Lane 1, protein marker (BioLabs); lane 2, crude extract; lane 3, flow 

through; lane 4, pure PddNK+GST (uncleaved fusion protein with bound GST-tag). 

 

 

Thermostability experiments 

 

The attempts to achieve steady state kinetics and measure substrate specificity of pure 

recombinant PdTK1 and FpTK1 at 37°C failed; therefore we decided to determine PdTK1 

phosphorylating activity as a function of temperature. Thermostability experiments were 

conducted, by measuring the activity at 500 µM 
3
H-dT and 2.5 mM ATP, at different 

temperatures and with pro-longed time samplings. It turned out that the activity of PdTK1 

increased with temperature, up to 21°C, when the highest activity was detected (7773±1560 u 

mg
-1

) (Fig. 21). However, when measured at higher temperatures (25, 30 and 37°C), the activity 

decreased over time (Fig. 21). Upon pre-incubating the enzyme at 0°C for one hour, the obtained 

activity at 21°C was considerably lower (713±42 u mg
-1

), and after pre-incubation at 37°C for 
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one hour the enzyme was irreversibly denatured, since we could not detect any activity at all 

(Fig. 21). 

 

 

 

Figure 21 Polaribacter sp. MED152 TK1 (PdTK1) activity as a function of temperature. Radio-assays were 

performed at 5, 10, 15, 21, 25, 30 and 37 °C with 500 µM 
3
H-dT as substrate. All measurements were done four 

times, except at 30 and 37 °C (three times). 

 

 

Kinetics of recombinant dNKs 

 

Kinetic parameters were determined for purified recombinant PdTK1, PddNK+GST, FpTK1 and 

FpdNK+GST (Table 7). All measurements were done with 2.5 mM ATP as the phosphate donor 

by varying the concentrations of the dNs substrates. The activity was measured at 37°C, except 

for FpTK1 and PdTK1, which were tested at 21°C. All measurements were done twice, except 

for FpTK1, which was performed three times. Kinetic data are given as average ± SD and are 

summarized in Table 7. 
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Table 7: Kinetic parameters of purified recombinant dNKs from F. psychrophilum JIP02/86 and Polaribacter sp. 

MED 125. All enzyme reactions followed classical Michaelis-Menten kinetics. The measurements were done twice, 

except for FpTK1, which was tested three times. The shown activities represent the average ± standard deviation. 

Radio-assay of dNKs activity was performed at 37°C (*) or at 21°C (**). 

 

Organism Putative dNK Substrate Km (µM) Vmax(u mg
-1

) 

F. psychrophilum JIP02/86 FpTK1** dT 2.2 ± 0.4 5776 ± 1271 

dU 141 ± 26 4638 ± 428 

FpdNK* dA 51 ± 2 2968 ± 406 

dC 228 ± 18 1969 ± 248 

Polaribacter sp. MED 152 PdTK1** dT 32 ± 3 3427 ± 57 

dU 855 ± 153 2106 ± 758 

PddNK* dA 58 ± 11 5426 ± 396 

dC 174 ± 17 3286 ± 364 

 

All enzyme reactions followed classical Michaelis-Menten kinetics. The FpTK1 specifically 

phosphorylated dT and dU, having dT as the preferred substrate, since the Km for dT was 2.2 

µM, which is ca. 64-times lower than for dU. The Vmax for dT was 5776 u mg
-1

 (5776 

nmol/min/mg) and 4638 u mg
-1

 for dU (Table 3, Fig. 4A, B). Similarly, PdTK1 also preferred dT 

as substrate over dU, with Km for dT being 32 µM, which is ca. 27-times lower than for dU. The 

Vmax for dT was 3427 u mg
-1

 and 2106 u mg
-1

 for dU (Table 7, Fig. 22 E, F). In comparison to 

PdTK1, the FpTK1 was much more specific for dT and dU (Table 7). We could not detect any 

significant phosphorylation of dA, dC or dG by either FpTK1 or PdTK1. 

 

The GST-tagged FpdNK was able to phosporylate both dA and dC, but had dA as the preferred 

substrate, with the Km for dA being 4.5-times lower than for dC. The Vmax values were 2968 u 

mg
-1

 for dA and 1969 u mg
-1

 for dC (Table 7, Fig. 22 C, D). Also GST-tagged PddNK preferred 

dA as substrate over dC, with Km for dA being 3-times lower than for dC. The Vmax for dA was 

5426 u mg
-1

 and 3286 u mg
-1

 for dC (Table 7, Fig. 22 G, H). In short, both non-TK1 kinases 

were much more specific for dA than for dC and none of them was able to phoshorylate dG. 
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Figure 22: Kinetics of purified dNKs from F. psychrophilum JIP02/8 and from Polaribacter sp. MED152. (A - B) 

F. psychrophilum JI02/86 TK1 (FpTK1) with dT and dU, respectively (radio-assay of dNKs activity was performed 

at 21°C). (C - D) F. psychrophilum JI02/86 dNK (FpdNK+GST-tag) with dA and dC, respectively. (E - F) 

Polaribacter sp. MED152 TK1 (PdTK1) with dT and dU, respectively (radio-assay of dNKs activity was performed 

at 21°C). (G - H) Polaribacter sp. MED152 dNK (PddNK+GST-tag) with dA and dC, respectively. All reactions 

followed classical Michaelis-Menten kinetics. The measurements were done twice (three times for FpTK1) and the 

obtained values are summarized in Table 7. 
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4.3.2 Deoxyribonucleoside kinases distribution among aquatic bacteria 
 

Several randomly chosen sequenced aquatic bacteria genomes were searched for genes with 

homology to known dNKS using the genome BLAST at NCBI. Database searches revealed that 

most of the examined aquatic bacteria genomes contained 1-3 genes encoding TK1-like and non-

TK1-like dNKs, and even hybrids between dNKs and other open reading frames (Table 8). 

 

Table 8: Several randomly chosen sequenced aquatic bacteria genomes were searched for genes with homology to 

the known dNKs using the genome BLAST service at NCBI. Analyzed bacterial classes and species, together with 

the dNKs accession numbers are listed; n.p. stands for not present. 

 

Class Species Putative dNKs 
TK1-like Non-TK1-like 

Alpharoteobacteria Sulfitobacter NAS-14.1 ZP_00948322.1 n.p. 
Silicibacter sp. TrichCH4B ZP_05742484.1 n.p. 
Jannaschia sp. CCS1 YP_511266.1 n.p. 

Betaroteobacteria Nitrosospira multiformis ATCC 25196 n.p. YP_411575.1 
Nitrosomonas eutropha C91 n.p. YP_748476.1 
Methylotenera mobilis JLW8] n.p. YP_003049315.1 
Janthinobacterium sp. Marseille n.p. YP_001354567.1 
Nitrosomonas europaea ATCC 19718 n.p. NP_840172.1 
Methylovorus sp. SIP3-4 n.p. YP_003051935.1 
Herminiimonas arsenicoxydans n.p. YP_001100883.1 
Thauera sp. MZ1T n.p. YP_002889742.1 
Methylibium petroleiphilum PM1 n.p. YP_001022205.1 
Bordetella petrii DSM 12804 n.p. n.p. 
Acidovorax ebreus TPSY n.p. n.p. 
Leptothrix cholodnii SP-6 n.p. n.p. 
Polaromonas naphtalenivorans CJ2 n.p. n.p. 
Thiomonas intermedia K12 n.p. n.p. 
Rhodoferax ferrireducens T118 YP_516069.1 n.p. 

Gammaroteobacteria Marinomonas MWYL1 YP_001341734.1 n.p. 
Pseudoalteromonas atlantica T6c YP_660209.1 n.p. 
Idiomarina loihiensis L2TR YP_154753.1 n.p. 

Bacteroidetes Microscilla marina ATCC 23134 ZP_01694268.1 ZP_01694275.1 
Rhodothermus marinus DSM 4252 YP_003291867.1 YP_003291613.1 

YP_003291274.1 
Zunongwangia profunda SM-A87 YP_003587106.1 YP_003586157.1 
Gramella forsetti KT0803 YP_863362.1 YP_860359.1 

Actinobacteria Salinispora arenicola CNS-205 YP_001537320.1 n.p. 
Bacilli Oceanobacillus iheyensis HTE831 NP_693921.1 NP_690937.1 

NP_690936.1 
Thermotogae Thermotoga maritima MSB8 NP_228211.1 n.p. 

 

In general, it seems that the occurrence of dNK genes in the examined aquatic bacteria is 

sporadic and almost random, since the analyzed Alpha- and Gamma-proteobacteria, 

Actinobacteria and Thermotogae contained only TK1-like genes and on the other hand most of 
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the examined Betaproteobacteria had only genes encoding for non-TK1-like dNKs and some of 

them did not possess any dNK genes at all (Table 8). The analyzed bacteria from the 

Bacteroidete and Bacilli clases contained both, the TK1-like genes as well as non-TK1-like 

genes, and most of the Bacteroidete also contained a hybrid between putative dNKs and 

hydroxymethyldihydropterin pyrophosphokinase (HPPK) (Table 8). Apparently, for any class 

the dNKs genes are not essential. 
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5 DISCUSSION 

 

This thesis addresses the response of the bacterial community structure and function to highly 

variable supply regime of inorganic and organic matter in a dynamic coastal marine ecosystem of 

the Gulf of Trieste. The bacterial abundance was shown to be controlled by viruses (Stopar et al., 

2004) and by heterotrophic nanoflagellates, with ingestion rate between 44 and 85 bacterial cells 

per flagellate per hour in the Gulf of Trieste (Turk et al., 1992; Turk and Hagström 1997). 

Although, there is no information on impact of grazing and viral infections on the bacterial 

community structure in the Gulf of Trieste, they are not the subject of this thesis. The bacterial 

community in the Gulf of Trieste experiences large variations of temperature, salinity and 

inorganic nutrient concentrations as well as changes in the organic matter regime due to 

seasonally occurring phytoplankton and zooplankton blooms (Turk et al., 2007). Sometimes the 

bacterial community experiences an extreme influx of organic matter, e.g., during massive 

macroaggregate formations (Turk et al., 2010) or during massive aggregations of jellyfish (Tang 

et al., 2010). Several hypotheses have been proposed for explaining these phenomena but so far 

the effect of these dramatic changes in substrate regimes on the bacterial community structure 

has not been studied in the Gulf of Trieste. In addition, exploration of the marine bacteria genetic 

potential and insight into the molecular and biochemical background of the salvage of selected 

DOM compounds (like the salvage of deoxyribonuclesides for DNA synthesis) will provide 

valuable information on biomass production in the aquatic environment. Changes in bacterial 

community structure due to variable inorganic and organic matter supply regimes could have a 

major effect in the biogeochemical cycles. 

 

 

5.1  Seasonal dynamics of the bacterial community in the Gulf of Trieste 

 

Seasonally changing growth conditions can eventually lead to differences in the structuring of 

bacterial community composition over seasonal scales (Ducklow et al., 2009; Treusch et al., 

2009 and the references therein). Seasonal changes in bacterial diversity should be relevant to 

understanding the year-round variability in important bacteria-mediated processes in the marine 

ecosystem. Bacterial community dynamics were studied in relation to changing bottom-up 
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factors, in particular temperature, salinity and inorganic nutrient concentrations, in a dynamic 

coastal ecosystem of the Gulf of Trieste. Bacterial abundance and productivity showed 

seasonality, with lower values recorded in the winter-early spring period (February - April) and 

higher values recorded in the summer-early autumn period (July - September) (Fig. 1 A). In 

addition, bacterial abundance and productivity positively correlated with ambient seawater 

temperature (R
2
 = 0.35 and 0.53, respectively, Fig. 2 A, B). Similarly, the bacterial community 

structure showed seasonal dynamics. Cluster analyses of bacterial communities' DNA 

fingerprints showed distinct ‘winter’(January - February) and ‘summer’ (June - September) 

clusters in both years (Fig. 4), implying on impact of temperature on the composition of the 

bacterial community, as observed by others (Nelson et al., 2008; Kirchman et al., 2009). The 

results of temperature, salinity and nutrient dynamics from both years were in agreement with 

previous studies (Malačič and Petelin 2009; Turk et al., 2007) and showed that winter-early 

spring periods were characterized by low temperatures (as low as 9 °C in February), higher 

salinity (up to 38 PSU) and lower NO3
-
 concentrations (Fig. 1). On the other hand, summer-early 

autumn periods were characterized by high temperatures (as high as 28 °C in July), events of 

lower salinity (down to 31.4 PSU) and higher NH4
+
 concentrations (Fig. 1). In contrast to the 

winter and summer communities, the spring and autumn bacterial communities grouped 

differently in the two consecutive years. In 2009 the October, November and December 

communities formed a distinct ‘autumn’ cluster and in 2010 the March, April and May 

communities formed a distinct ‘spring cluster’. However, in 2010 the October community 

grouped within the ‘summer’ cluster, December within the ‘winter’ cluster and November within 

the ‘spring’ cluster. In 2009 March grouped together with June in the ‘summer’ cluster. Spring 

and autumn periods were characterized by freshwater discharges and consequently higher 

inorganic nutrient concentrations and phytoplankton blooms (nanoflagelates in spring and 

diatoms in fall, Mozetič pers. comm.) (Fig. 1). While the temperature at the time of sampling in 

those months was quite the same in the two consecutive years, there were differences in ambient 

nutrient concentrations between November and December 2009 and 2010. In both months the 

concentration of PO4
3-

 and NO3
-
 was higher in 2010. The low concentrations of PO4

3-
 throughout 

the two consecutive years (mostly below 0.1 µmol L
-1

) suggest P-limitation of bacterioplankton 

growth in the Gulf of Trieste (Malej et al., 2003), implying the possible high impact of elevated 

PO4
3-

 concentration on the bacterial community. The availability of inorganic nutrients was also 
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shown to affect bacterial community structure by others (Pinhassi et al., 2006; van Wambeke et 

al., 2009). On the other hand, the discrepancies in clustering of the autumn and spring 

communities from both years could be also explained by the lack of DNA samples from the 

April, May and July samples in 2009, which could alter the clustering of communities. As 

determined from 16S rRNA clone libraries, the major bacterial phylla present throughout the two 

consecutive years were Alphaproteobacteria, Gammaproteobacteria, Bacteroidetes and 

Cyanobacteria (Fig. 5). The highest diversity, in terms of the presence of different bacterial 

classes, was detected in July and August 2010, which were characterized by high temperatures, 

low salinity and high NO3
-
 (July) and high NH4

+
 (August) concentrations. On the other hand, the 

lowest diversity was detected in the March and September 2009 libraries, which were 

distinguished from July and August by higher salinity and lower nutrient concentrations. 

 

Alphaproteobacteria represented one of the most abundant classes of bacteria in all libraries, in 

agreement with the findings that several clades of Alphaproteobacteria are often numerically 

dominant members of near-surface oceanic and coastal pelagic bacterioplankton assemblages 

(Giovannoni and Rappé, 2000; Fuhrman et al., 2006; Alonso-Sáez et al., 2007; Alonso-Gutiérrez 

et al., 2009; Giebel et al., 2009). In both studied years in the Gulf of Trieste the percentage of 

Alphaproteobacteria ranged from the lowest in June 2009 (22%) and May 2010 (25%) to the 

highest in March 2009 (39%) and November 2010 (44%), without a marked seasonality (Fig. 5). 

In addition, the percentage of Alphaproteobacteria did not correlate with temperature (Table 3). 

Several previous studies suggested that Alphaproteobacteria are better adapted to low nutrient 

conditions and prevail in marine ecosystems where fluxes of labile DOM (specifically glucose 

and dissolved free amino acids) often support a substantial fraction of bacterial metabolism 

(Pinhassi and Hagström 2000; Morris et al., 2005; Elifantz et al., 2005). Monthly sampling of 

microorganisms and dissolved carbohydrates over a two year period in the Gulf of Trieste 

suggested that accumulation of dissolved carbohydrates occurred when bacterial abundance was 

controlled by predators (Turk et al., 2001), implying a connection between the bacterial 

community and the dissolved carbohydrate pool in the Gulf of Trieste. In our study the 

percentage of Alphaproteobacteria did not correlate with any of the followed nutrient 

concentrations (Table 3) in the Gulf of Trieste in the two studied years, however we lack the data 

of the concentration of DOM. 
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Within Alphaproteobacteria, the SAR11 clade was detected in high percentages (from 21% in 

July to 81% in March) in all libraries from both years (Fig. 6). The high and constant presence of 

SAR11 is in agreement with previous studies that suggested that SAR11 could be the most 

abundant bacterial group in the marine environment (Giovannoni and Rappe, 2000; Morris et al., 

2002). Their high abundance, global distribution and major contribution to biomass production 

(Malmstrom et al., 2005) indicate that SAR11 bacteria mediate a significant fraction of DOM. In 

the Gulf of Trieste the SAR 11 clade dominated the Alphaprotebacteria class except in February 

2009 and July and November 2010, when it was surpassed by Rhodobacteraceae (Fig. 6). The 

periods with the highest percentage of the SAR11 clade were characterized by low chlorophyll a 

concentrations (below 1 µg L
-1

) (Mozetič pers. comm.) and somewhat lower inorganic nutrient 

concentrations (Fig. 1, 6). Accordingly, SAR11 showed a positive linear correlation with salinity 

(R
2
 = 0.67), which in the Gulf of Trieste coincides with lower nutrient concentrations (Fig. 1, 

Table 3). On the other hand, the Rhodobacteracea dominated periods were characterized by 

higher chlorophyll a concentrations (above 1 µg L
-1

) and somewhat higher nutrient 

concentrations (Fig. 1, 6, Mozetič pers. comm.), emphasized by the positive linear correlation 

between Rhodobacteraceae and PO4
3-

 concentration (R
2
 = 0.48) (Table 3). The high percentage 

of SAR11 in nutrient-limited conditions corresponds with the observed ability of SAR11 to grow 

in nutrient-limited conditions (Rappé et al., 2002; Pinhassi et al., 2006; Alonso-Sáez et al., 2007) 

which implies the importance of these bacteria during low-nutrient (high salinity) periods in the 

Gulf of Trieste. The SAR11 clade comprises organisms with a much smaller genome than other 

bacterioplankton lineages, which appears to be an adaptation to oligotrophic conditions (Lauro et 

al., 2009). Furthermore, it was suggested that SAR11 bacteria do not utilize various compounds 

of the DOM pool equally, and may be more important to the flux of low-molecular weight 

compounds because they were found to be responsible for approximately half of the total 

dissolved free amino acid uptake and glucose assimilation in the North Atlantic (Malmstrom et 

al., 2004, 2005). Several studies also suggested that the SAR11 clade consists of several 

subgroups with different preferences in relation to environmental and biological variables 

(Morris et al. 2005, Carlson et al., 2009; Fuhrman 2009). It was observed that the SAR11 clade 

negatively correlates with POC concentration and positively correlates with dissolved free amino 

acid turnover rates and does not respond readily to phytoplankton bloom dynamics (Giebel et al., 

2011). Again, due to the lack of data on dissolved and particulate organic matter concentrations 
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we can not say anything on the correlation between the SAR11 clade and these parameters in the 

Gulf of Trieste. On the other hand, Rhodobacteracea, in particular the Roseobacter group, 

exhibit a contrasting lifestyle, appear to be well adapted to nutrient-rich conditions and respond 

readily to phytoplankton bloom dynamics (Giebel et al., 2011). Rhodobacteriaceae are 

specifically associated with natural and artificially generated phytoplankton blooms, in particular 

diatom blooms (Gonzales et al., 2000; Schäfer et al., 2002; Grossart et al., 2005; Buchan et al., 

2005; Mayali et al., 2008; West et al., 2008). Therefore, the increase of Rhodobacteracea during 

periods of high chlorophyll a and higher nutrient concentration (in particular PO4
3-

) is not 

surprising. Even more, the increase of Rhodobacteracea coincided with measured PO4
3-

 above 

0.1 µmol L
-1

 and followed the recorded diatom blooms in 2009 and 2010 (Mozetič pres. comm.). 

In summer 2009 there was a diatom bloom from June to August, followed by the appearance of 

Rhodobacteracea (20%). In 2010 there was a smaller diatom bloom recorded in May, when 

Rhodobacteracea represented 23% of Alphaprotebacteria and another diatom bloom in June, 

which was followed by an increase of Rhodobacteracea (29%) in 16S rRNA clone library. 

Recurring phytoplankton blooms are a key feature of coastal waters and strongly influence 

bacterioplankton community structure and succession (Allers et al., 2007; Fuhrman et al., 2006). 

In the Gulf of Trieste, the annual cycle of phytoplankton is characterized by an intense late 

winter diatom bloom, a nutrient-depleted summer and a second short-lasting fall bloom (Mozetič 

et al., 1998; Harding et al., 1999). In spring, the phytoplankton community is dominated by 

nanoflagellates, while in July and late autumn diatoms erupt significantly (Mozetič and Francé 

2004). Our results regarding Alphaprotebacteria dynamics point to the importance of 

phytoplankton blooms, in particular diatoms, for bacterial community composition in the Gulf of 

Trieste. 

 

Gammaproteobacteria exhibit seasonality, since they were less abundant in summer libraries 

(June 2009 and July 2010) and more abundant in autumn libraries (September 2009 and 

November 2010) (Fig. 5), which is in contrast to previous studies showing a high abundance of 

Gammaproteobacteria during summer in the NW Mediterranean Sea (Alonso-Sáez et al., 2007) 

and in the English Channel (Mary et al., 2006). On the other hand, their abundance has also been 

found to negatively correlate with temperature in the estuary of the Rio de la Plata (South 

Atlantic Ocean) by Alonso et al. 2010. High abundance has been reported at the water surface in 
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coastal environments like the Lagoon of Venice (northern Adriatic Sea) (Simonato et al., 2010) 

and also in the North Atlantic Ocean (Schattenhofer et al., 2009). The percentage of 

Gammaproteobacteria in the clone libraries from the two consecutive years in the Gulf of Trieste 

did not correlate with temperature nor with salinity or any of the inorganic nutrient 

concentrations followed (Table 3). It was suggested that Gammaproteobacteria associate with 

phytoplankton populations (Alonso-Sáez et al., 2007), which could also be the case in the Gulf of 

Trieste, since higher percentages of Gammaproteobacteria coincide with the autumn blooms of 

diatoms. According to Bidle and Azam (2001) Gammaproteobacteria dominated aggregates of 

diatom detritus. Gammaproteobacteria also appear to be dominant colonizers of marine snow 

aggregates (DeLong et al., 1993; Amann et al., 1995; Rath et al., 1998; Acinas et al., 1999; 

Moeseneder et al., 2001) and are known to be able to degrade polymers including complex 

polysaccharides, which are important structural components of macroaggregates (Reichenbach 

1992). 

 

Among representatives of Bacteroidetes, members of the Flavobacteria class were present in all 

libraries except that of August 2010, exhibiting some preference for the late spring-early summer 

period (May-June) (Fig. 5). There is an increasing pool of evidence that Flavobacteria is the 

dominant class of Bacteroidetes (Alonso et al., 2007; Chen et al., 2008) and that different 

flavobacterial clades have distinct niches and different life strategies (Gómez-Pereira et al., 

2010). High abundance has been linked to cold waters (Abell and Bowman 2005), phytoplankton 

blooms (Simon et al., 1999), the photic zone (Schattenhofer et al., 2009) and upwelling systems 

(Alonso-Sáez et al., 2007). Members of Flavobacteria are adapted to higher nutrient conditions 

and higher levels of chlorophyll a (Pinhassi and Hagström 2000). They were found as dominant 

colonizers of marine snow and diatom detritus aggregates (DeLong et al., 1993; Amann et al., 

1995; Rath et al., 1998; Acinas et al., 1999; Moeseneder et al., 2001; Bidle and Azam, 2001). 

This distribution suggests a preference for more productive conditions, however, Flavobacteria 

have also been detected in oligotrophic marine surface waters in significant numbers 

(Schattenhofer et al., 2009). Nevertheless, the percentage of Flavobacteria in the clone libraries 

from the two consecutive years in the Gulf of Trieste did not correlate with temperature, salinity 

or with any of the inorganic nutrient concentrations followed (Table 3). The late spring-early 

summer period is characterized by freshwater inflow (April) and therefore higher inorganic 
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nutrient concentrations (Fig. 1), furthermore, spring is the period of nanoflagellate blooms 

which, considering the finding listed above, could explain the preference of Flavobacteria for 

this period in the Gulf of Trieste. 

 

Other bacterial classes that were detected, but represented only a minor part of the bacterial 

community were Delta- and Beta-proteobacteria, Actinobacteria, Planctomycetacia and 

Verrucomicrobia. From these classes Betaproteobacteria, Verrucomicrobia and Actinobacteria 

are commonly found in high numbers in samples with lower salinity and higher nutrient 

concentrations and are negatively influenced by increasing salinity (Alonso et al., 2010; 

Warnecke et al., 2005; Alonso et al., 2009). They are common in the freshwater parts of 

transitional environments, like estuaries (Zwart et al., 2002; Kirchman et al., 2005, Zhang et al., 

2006) and could appear due to the increase of river discharge and coastal runoff to the bay after 

stormy events (Alonso-Sáez et al., 2007). In both studied years, periods of lower salinity were in 

spring (April-May), summer (July-August) and autumn (October-November), and coincided with 

known peaks of river discharges into the Gulf of Trieste, which are in late spring (April) and 

autumn (October – November) (Zanchettin et al., 2008; Comici and Bussani, 2007). 

Interestingly, Verrucomicrobia were present from May to November 2010, the period 

characterized by unusually low salinity (31.4 – 35.9 PSU). Actinobacteria were present from 

February, when their highest percentage (11%) was detected, to June 2009 (6%) and then again 

from May to November 2010 (representing from 2 to 6% of the bacterial community). In the 

coastal marine environments characterized by a high variability of salinity, nutrients, 

concentrations of dissolved organic carbon and inputs of labile substrates resulting from inputs 

of labile nutrient-rich run-off from rivers or organic contamination short-lived blooms of 

particular bacterial species can occur (Revilla et al., 2000; Schendel et al., 2004; Kirchman et al., 

2005; Piccini et al., 2006). Interestingly, the percentage of Verrucomicrobia in the clone libraries 

from the two consecutive years in the Gulf of Trieste showed positive linear correlation with 

PO4
3-

 concentration (R
2
 = 0.61) (Table 3). On the other hand, Betaproteobacteria were detected 

only in February 2010, when salinity was high. This might suggest that even a very low 

freshwater input represents big enough inoculum of these bacteria, which seems to be well 

adapted to the existing environmental conditions and therefore become a significant part of the 
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bacterial community. Furhermore, there are indications that salinity is not the only factor 

explaining the distribution of Betaproteobacteria (Kirchman et al., 2005). 
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5.2  Effect of different resources on bacterial community dynamics in the Gulf of Trieste 

 

 

5.2.1 Impact of inorganic phosphorous input on ambient bacterial community 

dynamics 

 

A single impulse of orthophosphate resulted in an intense diatom bloom, which persisted at a 

certain level for 64 days in our enrichment experiment. At the same time bacterial abundance and 

carbon production increased and the bacterial community structure changed. On day 6, at the 

peak of Chl a (30 µg L
-1

) and PP (2000 µg L
-1

 d
-1

), the bacterial community was dominated by 

Alphaproteobacteria (61%), with an increase of Rhodobacteriaceae (18%) (Fig. 11, 12). At the 

same time Flavobacteria (11%) and Gammaproteobacteria (22%) increased in the P+ treatment 

(Fig. 11). The increase of Rhodobacteriaceae and Flavobacteria is consistent with previous 

findings when some members of Bacteroidetes and Alphaproteobacteria increased in the 

presence of natural and experimentally induced phytoplankton blooms (Riemann et al., 2000; 

Pinhassi et al., 2004; Fandino et al., 2005). In particular, bacteria from the physiologically 

diverse family of Rhodobacteriaceae readily respond to provoked diatoms blooms (Gonzales et 

al., 2000; Schäfer et al., 2002; Grossart et al., 2005; Buchan et al., 2005; Allers et al., 2007; 

Mayali et al., 2008; West et al., 2008). In the Gulf of Trieste, the higher percentage of 

Rhodobacteraceae in the 16S rRNA clone libraries positively correlated with PO4
3-

 

concentration and coincided with periods of high Chl a and diatom blooms in 2009 and 2010 

(Table 3). On the other hand, the increase of Gammaproteobacteria in the P+ treatment could be 

explained by reported observations that several members of this class were enriched in enclosed 

seawater systems, with/without addition of substrates (Eilers et al., 2000; Allers et al., 2007). In 

our experiment, the increase of Gammaproteobacteria was also recorded in the P- treatment on 

day 6 (Fig. 11). However, in contrast to the P+ treatment, Flavobacteria were not detected on 

day 6 in the P- treatment, which could be explained by a very low orthophosphate concentration 

in the bottle (Fig. 7, 11). It has been shown before that specific Flavobacteria phylotypes were 

restricted due to the limited availability of phosphorous (Pinhassi et al., 2006). The 

Flavobacteria were also present in almost all 16S rRNA clone libraries from the Gulf of Trieste, 

especially in the nutrient rich late spring - early summer periods (Fig. 1, Fig. 5). 
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In the post – bloom phase (from day 8 to day 13) DOC concentration increased (Fig. 9). At the 

same time the levels of Chl a and PP decreased, but remained fairly high (Chl a ~ 5 µg L
-1

, PP ~ 

280 µg L
-1

 d
-1

) compared to the values recorded in the Gulf of Trieste (data not shown, Malfatti 

et al., in prep., Turk et al., 2007). The regeneration of phosphorous by bacteria must have 

occurred in order to maintain this level of phytoplankton biomass and production, which led to 

DOC and POC accumulation in the P+ treatment (Fig. 9). Supporting this hypothesis, a multi-

year study of microbial processes in the coastal northern Adriatic Sea showed elevated 

concentrations of DOC during high-primary production seasons (Fonda-Umani et al., 2007). The 

ratio between DOC and DOP increased from 475 to 1035 from day 6 to day 13 in the P+ 

treatment, suggesting a selected re-mineralization of the DOP by bacteria that left phosphorus 

depleted compounds in the dissolved phase, leading to carbon rich aggregate formation (Fig. 7, 

Fig. 9). Consistently, there was a peak of bacterial abundance on day 8 (Fig. 8). At the same time 

the bacterial community structure diverged more, and was only 30% similar to the T0 

community (Fig. 10). As revealed by the 16S rRNA clone library, the percentage of 

Gammaproteobacteria increased up to 47% and Alphaproteobacteria decreased to 40% on day 8 

(Fig. 11). The increase of Gammaproteobacteria in the diatom-detrital system is not surprising, 

since the members of this class were found as the dominant colonizers of diatom detritus 

aggregates (Bidle and Azam, 2001). Furthermore, Gammaproteobacteria are known to be able to 

degrade polymers including complex polysaccharides, which are important structural 

components of macroaggregates (reviewed in Simon et al., 2002). According to in situ 

measurements and enrichment experiments worldwide as well as in the northern Adriatic, diatom 

blooms release the polymeric substances, mostly composed of heteropolysaccharides and to a 

lesser extent of lipids and proteins (Kovač et al., 2002; 2004; 2008; Turk et al., 2010). In 2009 

and 2010 Gammaproteobacteria were more represented in the autumn 16S rRNA libraries, 

following recorded fall diatom blooms, implying their role in the degradation of this type of 

organic matter in the Gulf of Trieste (Fig. 5). In our experiment Flavobacteria decreased to only 

2% on day 8, which could be explained by the complete depletion of orthophosphate from the P+ 

system by that time (Fig. 7, Fig. 11) (Pinhassi et al., 2006). However, the decrease of 

Flavobacteria at the transition to the detrital phase of the diatom bloom is in contrast to previous 

findings which report members of Flavobacteria as dominant colonizers of diatom detrital 

aggregates (Bidle and Azam 2001; Abell and Bowman 2005; Fandino et al., 2005). Nevertheless, 
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it was suggested that different members of Flavobacteria might respond differentially to 

phytoplankton as a consequence of their physiological ability to take up different compounds 

released by phytoplankton (Gómez-Pereira et al., 2010). The use of complex macromolecules 

varies among cultured genera of this class (Bernardet and Nakagawa, 2006) and genomic data 

points to a specialization of distinct flavobacterial clades for degradation of polysaccharides and 

proteins (Bauer et al., 2006; Woyke et al., 2009). Considering this, the members of 

Flavobacteria present in the P+ treatment might not be able to degrade the type of complex 

compounds that composed the accumulated DOC and POC in the P+ treatment, and therefore did 

not procreate.  

 

On day 13 maximum bacterial growth rates and the peak of bacterial carbon production were 

recorded (Fig. 8). At the same time the maximum of DOC concentration was reached (Fig. 9). 

DOC decreased slowly from days 10 to 64 at an average rate of 0.77 µmol L
-1

 d
-1

 and was either 

utilized by bacteria or removed by aggregation processes. POC increased 10 times by day 22 in 

the P+ treatment and at the same time the highest abundance of GeP particles was recorded (Fig. 

9). Accumulation of dissolved and colloidal polysaccharides resistant to degradation was 

observed also by Azam et al. (1999). On day 13 bacterial community composition had changed 

and was again dominated by Alphaproteobacteria (58%), which mainly affiliated with 

Rhodobacteraceae (67%) (Fig. 10-12). At this point SAR11 represented only 20% of 

Alphaproteobacteria (Fig. 12). The decrease in the SAR11 clade representatives is not surprising 

since it was suggested that these bacteria may be more important to the flux of low-molecular-

weight monomers than to that of high-molecular-weight polymers (Malmstrom et al., 2004, 

2005). SAR11 clade was detected in high percentages in all 16S rRNA clone libraries from 2009 

and 2010 demonstrating the importance of these bacteria in the pelagic system of the Gulf of 

Trieste. Our inorganic phosphorous enrichment experiment results suggest that bacterial 

community structure, in particular the endorsement of SAR11, might change during similar 

events, like during mucilage phenomena, in the Gulf of Trieste. The increase of 

Rhodobacteraceae as DOC and GeP increased can be explained by their reported association 

with organic surfaces (either living or non-living) and their repertoire of gene encoding functions 

expected to be pivotal in surface attachment and colonization (reviewed in Slightom and Buchan, 

2009). At the same time Flavobacteria increased back to 8% (Fig. 11), which corresponds to 
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previous observations that Cytophaga-Flavobacterium peaked during the detrital phase of the 

diatom bloom (Fandino et al., 2005). 

 

 

5.2.2 Impact of decaying jellyfish on the ambient bacterial community 

 

In order to evaluate the response of the ambient bacterial community to the influx of jellyfish-

derived particulate and dissolved organic matter in the Gulf of Trieste, two sets of enrichment 

experiments were conducted. In the first set of experiments we compared the response of the 

ambient bacterial community to the addition of the same type of jellyfish homogenate (Aurelia 

sp.) in two marine ecosystems – in the Gulf of Trieste (northern Adriatic) and in Big Lake (Mljet 

Island, southern Adriatic). The important difference between these ecosystems is the year – 

round presence of Aurelia sp. 5 in Big Lake (Benović et al., 2000) compared to the seasonal 

occurrence of Aurelia sp. 8 as massive aggregations in the Gulf of Trieste (Kogovšek et al., 

2010). In the second set of experiments we investigated the impact of different decaying jellyfish 

species that seasonally occur in the Gulf of Trieste, Aurelia sp. 8, Pelagia noctiluca and 

Rhizostoma pulmo, on ambient bacterial community dynamics. 

 

The addition of homogenized jellyfish to ambient seawater triggered considerable changes in 

bacterial community dynamics and altered nutrient concentrations in the surrounding 

environment at both locations (Fig. 13-18). The addition of jellyfish homogenates resulted in 

initially high concentrations of dissolved proteins, DOP and PO4
3-

 that triggered a dramatic 

increase in bacterial community growth rates at both locations (Table 4), as observed by 

Titelman et al. (2006) and West et al. (2009). The response of the bacterial community to the 

added Aurelia sp. homogenate was more rapid in Big Lake, where jellyfish occur all year, than in 

the Gulf of Trieste where jellyfish are not always present (Tinta et al., 2010). Bacterial 

abundance and production peaked already in the first 2-3 days after the addition of Aurelia sp. 

homogenate in the Big Lake experiments, while they started to increase only after 2-3 days of lag 

phase in the Gulf of Trieste (Fig. 13). However, the bacterial community growth rates in the 

Aurelia sp. amended bottles from both locations were comparable (Table 4). One explanation for 

the difference in the bacterial community response could be higher ambient seawater temperature 
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in Big Lake in both years (Table 1). It has been shown before that the initial increase in bacterial 

abundance during the carcass decomposition process is temperature-dependent (Tang et al. 

2006). However, we can also speculate that the ambient bacterial community in Big Lake may be 

predisposed toward decomposition of jellyfish tissue because Aurelia sp. occur and die in the 

lake year-round, whereas the bacterial community from the Gulf of Trieste needed to adapt to the 

newly introduced protein-rich substrate (Tinta et al., 2010). As expected from the differences in 

their protein contents and C:N ratio (Jerman 2011, Kogovšek pers. comm.) as well as from the 

released concentrations of dissolved proteins, DOP and PO4
3-

 from their tissue (Fig. 14, 15), P. 

noctiluca and R. pulmo turned out to be better substrates for the ambient bacteria than Aurelia 

sp., as depicted in differences in the bacterial community growth rates (Table 4). As proteins 

were depleted the NH4
+
 was accumulating as a result of ammonification processes governed by 

the bacterial community (Fig. 14, Table 4). In the Aurelia-enriched bottles the rates of NH4
+
 

accumulation were comparable - 0.67 and 0.82 µmol g
-1

 d
-1

 in the Gulf of Trieste and 0.55 µmol 

g
-1

 d
-1

 in the Big Lake experiment (Table 4). In the R. pulmo and P. noctiluca – enriched bottles, 

accumulation of NH4
+
 was considerably higher, 1.6 and 2.7 µmol g

-1
 d

-1
, respectively (Table 4). 

The accumulation of DOP and PO4
3-

 in the bottles was also observed, however was not 

comparable to the concentrations of NH4
+
 reached at the end of the experiment (Fig. 15). Note 

that the jellyfish carcasses as a source of dissolved inorganic and organic phosphorous could be 

of high importance in the low-DIP environment of the Gulf of Trieste (Fig. 1) where 

phosphorous is the primary limiting element for the growth of bacterioplankton (Malej et al., 

2003). 

 

In addition to the differences in the times of the bacterial response to the addition of jellyfish 

homogenate, the changes in bacterial community composition also diverged in the two studied 

ecosystems, the Gulf of Trieste and Big Lake (Fig. 16). The number of bands in the community 

fingerprints did not change between T0 and Tf in the Big Lake experiment. Although, the final 

bacterial community fingerprint (Tf) appears to differ from that of the T0 community, both TfA 

and TfC group in the same cluster, which indicates a similar community composition (Fig. 16). 

The similarities between the Tf community fingerprints suggest that the native Big Lake bacterial 

community is adapted to decomposing jellyfish biomass, which occurs throughout the year in 

this environment (Tinta et al., 2010). The rapid response of the bacterial community to the 
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addition of jellyfish homogenate in Big Lake also supports this conclusion (Fig. 13). The relative 

intensities of bands from the Tf communities in Big Lake indicate that certain bacterial groups in 

the TfA community proliferate in the presence of jellyfish homogenate, suggesting that some 

specific groups are better adapted than others to utilize this substrate for their growth (Fig. 16). 

In contrast, in the Gulf of Trieste where jellyfish are not always present, the number of bands 

decreased from T0 to Tf regarding the bacterial community fingerprints (TfA and TfC) (Fig. 16). 

This decrease in bacterial diversity could be due to the lack of certain nutrients in the enclosures, 

because no supplements other than jellyfish homogenate were added, which might explain the 

large decrease in the number of bands in the TfC community fingerprints. The number of bands 

in TfA was considerably greater than that in the TfC fingerprints, and the high intensity of some 

bands indicates that certain bacterial groups in the TfA communities were dominant (Fig. 16). 

These results, together with the high and constantly increasing productivity of the bacterial 

community exposed to decaying jellyfish tissue, suggest that jellyfish detritus supports bacterial 

growth, although only part of the bacterial community was able to utilize this substrate (Fig. 13). 

The dendrogram (Fig. 16) shows that jellyfish-inoculated bacterial communities (TfA) clustered 

together, indicating similarities in species composition, may be due to stimulation or inhibition 

of specific bacterial groups (Titelman et al., 2006). The outcome of this study is that the addition 

of jellyfish homogenate to the ambient seawater from the Gulf of Trieste triggered a great change 

in the bacterial community structure and supported proliferation of specific bacterial groups. 

Titelman et al. (2006) also suggested that some jellyfish homogenates stimulated the growth of 

some bacteria, whilst the growth of the others can be potentially inhibited. Tang et al. (2009) 

observed that bacterial communities on decomposing zooplankton carcasses rapidly diverged 

from those in the surrounding water, but remained similar among different types of zooplankton 

carcasses (Tang et al. 2009). These observations demonstrate that zooplankton carcasses are 

decomposed by similar bacterial groups and serve as important microbial microenvironments 

where rapid and efficient local selection takes place (Tang et al., 2010). Furthermore, it was 

shown that the degradation of adsorbed proteins differs among different bacterial strains, 

suggesting that some bacteria are capable of utilizing adsorbed protein more efficiently than 

others (Nagata and Kirchman 1997). In addition, ectohydrolytic enzyme profiles and activities 

were found to be highly variable among different bacterial groups, therefore changes in bacterial 
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community composition resulting from the introduction of a new substrate are not surprising 

(Martinez et al., 1996; Bidle and Azam 2001). 

 

The results of these studies raised the question whether the differences in the biochemical and 

elemental composition of jellyfish-derived particulate and dissolved organic matter could have 

major implications for bacterial phylotype selection in the surrounding environment. Therefore 

in our next experiment we examined the impact of chemically and biochemically different 

decaying jellyfish species, Aurelia sp. 8 (A), P. noctiluca (P) and R. pulmo (R) (Jerman 2011) 

that occur seasonally in the Gulf of Trieste, on the ambient bacterial community composition. 

The results of DGGE and clustering analysis confirmed that the addition of jellyfish homogenate 

triggered pronounced changes in the structure of the bacterial communities, since those 

communities (A, P and R) quickly diverged from the starting community structure (T0), while 

the community in the control bottle (C) remained somewhat similar to the T0 community, as 

observed by Tang et al. (2009) (Fig. 17). In our study the communities which were supplemented 

with jellyfish homogenate changed over time, since samples from the beginning and from the 

end of the experiment grouped in separate clusters (Fig. 17). However, according to the numbers 

of bands there were some differences between bottles with different jellyfish homogenate 

additions; in the A. aurita bottle there was again a reduction in diversity over time (from 15 

down to 8 bands on day 9) (as observed in our previous experiment, Tinta et al., 2010), while in 

the P.noctiluca bottle there was an increase in diversity (from 11 up to 17 bands on day 9) as 

well as in the R. pulmo bottle (from 6 up to 11 bands on day 6) (Fig. 17). Furthermore it looks as 

if the addition of different jellyfish homogenates enhanced the growth of different bacterial 

community members, since the communities exposed to different jellyfish treatments group into 

separate clusters and are therefore assumed to be different (Fig. 17). Analysis of the 16S rRNA 

clone libraries confirmed DGGE and clustering analysis results and gave us further insights into 

the impact of jellyfish homogenate on the composition of the bacterial community. The addition 

of jellyfish homogenate had indeed a great effect on the composition of the bacterial community. 

The far most important change was that unculturable Alphaproteobacteria (mostly the SAR11 

family), which dominated (76%) the community in the T0 library, were not detected over time in 

the jellyfish-enriched bottles (Fig. 18). The addition of protein-rich jellyfish-derived particulate 

matter to the bottles resulted in an increase of cultivatable Gammaproteobacteria and 
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Flavobacteria (Fig. 18), which are known to be dominant particle colonizers (Moeseneder et al., 

2001; Simon et al., 2002), capable of high-molecular weight organic matter degradation 

(Reichenbach 1992) and possessing a suite of gene encoding hydrolytic enzymes, having a 

preference for polymeric carbon sources and a distinct capability for surface adhesion 

(Reichenbach 1992; Bauer et al., 2006; Woyke et al., 2009). This shift of bacterial community 

composition confirms the idea of zooplankton carcasses as important microbial 

microenvironments where rapid and efficient local selection takes place (Tang et al., 2009; Tang 

et al., 2010). In general we can observe the reduction in diversity of bacterial communities 

exposed to jellyfish homogenates, since in all the clone libraries from the end of the experiment, 

Gammaproteobacteria represented from 63 to 100% (R6) of the bacterial community (Fig. 18). 

However, there were differences in the percentages of different family representatives within 

Gammaproteobacteria between bottles, which explains the fact that they formed separate 

clusters in the dendrogram. While the A9 community was dominated by Vibrionaceae, which 

corresponds with the lowest number of bands in the DGGE profile of the A9 community, and the 

R6 community was composed of Pseudoalteromonadaceae (64%) and Vibrionaceae (36%), the 

P9 community was the most diverse of them all, with family representatives from 

Alteromonadales order - Pseudoalteromonadaceae (35%), Shewanellaceae (24%) and 

Oceanospirillaceae (6%) and Vibrionaceae family (6%), which corresponds also to the largest 

number of bands in the DGGE profile of the P9 community (Fig. 17, 18). The difference in 

bacterial community structure between bottles amended with different jellyfish homogenates can 

be explained by the difference in jellyfish biochemical and elemental composition (Jerman 

2011). Representatives of Vibrionaceae are rarely found in clone libraries from environmental 

samples and represent only a minor fraction of the total bacterioplankton (Cottrell and Kirchman, 

2003; Giovannoni and Rappé, 2000; Rappé and Giovannoni 2003), however they were found in 

high abundance in eutrophic coastal waters and especially in association with marine organisms 

(corals, fish, sponges, shrimp, seagrass and zooplankton) (Thompson et al., 2004). Nevertheless, 

we did not detect them in neither of the 16S rRNA clone libraries from 2009 and 2010 in the 

Gulf of Trieste (Fig. 5). Furthermore, it was shown that by adding organic substrates to the 

water, Vibrionaceae rapidly respond and become dominant in the bacterial community (Eilers et 

al., 2000). It was also suggested that their high rRNA content enables such a rapid response and 

allows them to grow rapidly and outcompete other members of the bacterial community (Eilers 
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et al., 2000). In our study, the absence of Vibrionaceae in the T0 16S clone library and the fact 

that jellyfish used in the experiment were not priorly washed with dH2O suggest that these 

bacteria were brought into experimental bottles within jellyfish homogenate. Among marine 

bacteria Vibrionales together with Alteromondales, which were the only two bacterial orders 

occurring in the clone libraries from the end of the experiment (A9, P9 and R6), are known as 

important producers of antibiotics and inhibitory compounds which reduce the number of other 

community members, e.g., Alphaproteobacteria, and it was suggested that this strategy accounts 

for the microscale variations in competing bacterial populations (Long and Azam, 2001). 

Furthermore it was also shown that antagonistic activity was more common among particle-

associated bacteria than with free-living (Long and Azam, 2001). Therefore, we can speculate 

that upon the addition of the organically rich jellyfish homogenate to the experimental bottle, the 

natural ambient bacterial community was outcompeted and repressed by Vibrionales and 

Altermonadales which either represented an unimportant part of the ambient community and 

were therefore not detected in the T0 library or were introduced together with jellyfish 

homogenate. The latter is further supported by our observation that when comparing bacterial 

community composition from the beginning of the experiment (T0) to the communities being 

supplied with different jellyfish substrates we observed that in all three experimental bottles A, P 

and R, the bacterial population had shifted from uncultured to culturable species (Appendix C). 

The closest relatives of the bacterial clones of the T0 library were isolated from sea water, while 

the closest relatives of the bacterial clones of the A9, P9 and R9 libraries were isolated from 

either living sea animals (as hosts for those bacterial species), detritus, sea sediment or even 

artificial surfaces submerged in sea water implying that those bacteria originated from the added 

jellyfish homogenate. 
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5.3  Aquatic bacteria and deoxyribonucloside kinases 

 

The wide diversity of marine bacterial species represents a fund of new genes. The discovery of 

new genes, proteins, metabolic processes and pathways that drive the biogeochemical activities 

of aquatic microbes serves as an important step toward understating their role in the aquatic 

environment. Application of molecular biology and advances in genome sequencing and 

bioinformatics also provide new tools for the field of marine microbial ecology and allow us to 

examine the genetic potential of aquatic bacteria. Despite the importance of its application in the 

field of microbial ecology, very little is known about the metabolism of nucleic acid precursors 

in any aquatic bacteria. The dissolved DNA pool in aquatic environments is the largest pool of 

DNA on Earth and aquatic microorganisms must possess the ability to degrade and/or re-use the 

building blocks - the deoxyribonucleosides (dNs) (DeFlaun et al., 1987; Karl and Bailiff, 1989; 

Paul et al., 1990; Ammerman and Azam, 1991; Turk et al., 1992). In the deoxyribonucleosides 

(dNs) salvage pathway the phosphorylation of dN into dN mono-phosphate (dNMP) is catalyzed 

by deoxyribonucleoside kinases (dNKs). Two super families of dNKs exist, the thymidine kinase 

1 (TK1-like) and the non-TK1-like family (Sandrini and Piskur, 2005). TK1s are specific only 

for dT and deoxyuridine (dU), while the dNKs of the non-TK1-like family are rather unspecific 

compared to the TK1s, typically phosphorylating one, two, three or even four of the native dNs 

(Eriksson et al., 2002; Sandrini et al., 2006). One of the approaches to estimate aquatic bacteria 

biomass production is the incorporation of 
3
H-dT into newly synthesized DNA and is based on 

the assumption that all actively growing bacteria can incorporate external dT into DNA. Several 

studies questioned this practice and pointed out that a fraction of the aquatic bacterial community 

might lack either the transport system or the appropriate enzyme to incorporate externally added 

dT (Karl, 1982; Pollard and Moriarty, 1984; Davis, 1989; Pedrós-Alió and Newell, 1989; Jeffrey 

and Paul, 1990; Boucher et al., 2006; Pérez et al., 2010). A detailed analysis of the molecular and 

biochemical background of the dT salvage in a few aquatic bacteria would identify the limits and 

strengths of this method and provide a foundation for further research on biomass production in 

aquatic environments. Furthermore, dNKs are currently being investigated as suicide genes for 

anti-cancer therapy (Knecht et al., 2007). The highly diverse and largely unknown pool of 

aquatic bacteria could be a source of completely new gene encoding enzymes involved in the 
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metabolism of nucleic acid precursors that could also be interesting from the applied point of 

view. 

 

In this study the power of bioinformatics and molecular biology was used to explore several 

sequenced aquatic bacteria genomes for the presence of dNK genes to examine their genetic 

potential to phosphorylate dNs. We focused on two aquatic bacteria, both Gram-negative and 

both belonging to the Bacteroidete class. Bacteroidetes are among the major taxa of marine 

heterotrophic bacteria, found in a variety of marine environments, and were detected in all 16S 

rRNA gene clone libraries during 2009 and 2010 in the Gulf of Trieste, exhibiting preference for 

high chlorophyll a and inorganic nutrient rich late spring-early summer period. The 

representatives of this class are regarded as specialists in the degradation of high molecular 

weight compounds in both the dissolved and particulate fraction of the marine organic matter 

pool, implying a major role of Bacteroidetes in the marine carbon cycle. Bacteria from the 

Flavobacteria cluster appear to be dominant colonizers of marine snow aggregates and diatom 

detritus (Simon et al., 2002; Fandino et al., 2005). In our inorganic phosphorous enrichment 

experiment we recorded an increase of Flavobacteria in the detrital phase of phytoplankton 

bloom as well as at the end of the jellyfish-substrate enrichment experiment. 

 

In this study we selected two Flavobacteria: Polaribacter sp. MED 152, which serves as a 

model to study the cellular and molecular processes in bacteria that express proteorhodopsin, 

their adaptation to the oceanic environment and their role in the carbon cycling (Gómez-

Consarnau et al., 2007, Martinez et al., 2007; González et al., 2008) and Flavobacterium 

psychrophilum JIP02/86, which is a widely distributed fish pathogen, capable of surviving in 

different habitats (Duchaud et al., 2007). In each species, we identified TK1-like kinase (FpTK1 

and PdTK1 respectively, Table 1). The two identified TK1 amino acid sequences and previously 

biochemically characterized TK1s of both bacterial and human origins, were aligned and 

analyzed for their phylogenetic relationship. It has been shown before that from the phylogenetic 

point of view the bacterial TK1s comprise two separate groups of which one, containing only 

TKs from Gram-positive bacteria, appears to be closely related to eukaryotic TK1s (Sandrini et 

al., 2006). The other group has been reported to predominantly consist of TKs from Gram-

negative bacteria. However, some TK1s from Gram-positive bacteria also group together with 
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Gram-negative TK1s (Sandrini et al., 2006). Here we report that, interestingly, both FpTK1 and 

PdTK1 group together with the already characterized Gram-positive TK1-like dNKs and human 

TK1 (Fig. 19). The FpTK1 and PdTK1 were successfully sub-cloned, over-expressed, purified 

and their kinetic parameters determined. Both enzymes followed classical Michaelis-Menten 

kinetics and were strictly specific for dT and dU, resembling other previously characterized 

TK1s (Table 7, Fig. 22). dT was preferable as a substrate over dU for both enzymes. In 

comparison to PdTK1, FpTK1 was much more specific for dT, with a Km of 2.2 µM, ~ 64-times 

lower than for dU, while PdTK1 Km for dT was 32 µM, ~ 27-times lower than for dU. The 

kinetic parameters for FpTK1 resemble those of the Gram-positive TK1s from Staphylococcus 

aureus TK1 (SaTK) and Bacillus cereus TK1 (BcTK), which also supports the obtained 

phylogenetic relationship (Sandrini et al., 2007a, b). On the other hand, PdTK1 is, from the 

kinetic point of view, similar to Gram-negative TK1 from Salmonella enterica (SeTK) (Sandrini 

et al., 2007a). Surprisingly, while bacterial TK1s are relatively thermo stable, both FpTK1 and 

PdTK1 were not active at 37 °C, and by measuring PdTK1 phosphorylating activity as a function 

of temperature, it turned out that the activity of PdTK1 increased with temperature up to 21 °C 

(Fig. 21). When measured at higher temperatures, 25, 30 and 37 °C, the activity decreased over 

time. Furthermore, when pre-incubating the enzyme at 0 °C for one hour, the measured activity 

at 21 °C was 10-fold lower, while pre-incubation at 37 °C for one hour, resulted in irreversible 

denaturation. These data can be important for the interpretation of the results obtained in past 

studies, when the activity of TK1 from aquatic bacteria was measured at 37 °C (Jeffrey and Paul, 

1990). In short, when measuring the activity of bacteria isolated from cold niches, one should 

keep in mind, that the activity should be measured at different temperatures. 

 

Surprisingly for Gram-negative bacteria, in F. psychrophilum JIP02/86 we also identified one 

non-TK1 dNK (FpdNK) and in Polaribacter sp. MED 152 we found two non-TK1 dNKs, one of 

them representing a hybrid between non-TK1 and HPPK (PdHPPK+dNK) (Table 5). So far it 

has been thought that Gram-negative bacteria have only one dNK, TK1, while Gram-positive 

bacteria seem to have several dNKs (Sandrini et al., 2007a). The FpdNK and PddNK were 

successfully sub-cloned, over-expressed, purified and their kinetic parameters determined. 

Again, both enzymes followed classical Michaelis-Menten kinetics, and were able to 

phosphorylate dA and dC, however both of them have dA as the preferred substrate (Table 7, 
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Fig. 22). None of them was able to efficiently phosphorylate dG, therefore these two enzymes 

seem to act like dAK from S. aureus dAK (SadAK) or B. cereus dAK (BcdAK) (Sandrini et al., 

2007a, b), but with much lower specificity for dC. The substrate preferences could be partially 

explained by the genome composition. Both bacteria have an AT content of approximately 70%, 

therefore during DNA replication they need more A and T than G and C. 

 

The hybrid between non-TK1 and HPPK (PdHPPK+dNK), found in Polaribacter sp. MED 152, 

was also found in several other bacteria belonging to the Bacteroidetes class. This gene as well 

as a recombinant gene without the HPPK domain was sub-cloned, over-expressed and purified. 

However, the PdHPPK+dNK hybrid protein showed only poor activity with dG, and the 

shortened recombinant enzyme PdHPPK%dNK (without HPPK) also showed low activity (Table 

6). Therefore, the function of the hybrid dNKs in Bacteroidetes remains unclear. 

 

In addition we examined sequenced genomes from several aquatic bacteria for the presence of 

dNKs. Database searches revealed that most of the examined aquatic bacteria genomes contained 

1-3 genes encoding TK1-like and non-TK1-like dNKs, and even hybrids between dNKs and 

other open reading frames (Table 8). We show that these bacteria indeed have a potential to 

phosphorylate dNs. It seems that the occurrence of dNK genes in the examined bacteria is 

sporadic, since analyzed Alpha- and Gamma-proteobacteria, Actinobacteria and Thermotogae 

contained only TK1-like genes. On the other hand most of the examined Betaproteobacteria had 

only genes encoding for non-TK1-like dNKs and some of them did not posses any dNK genes at 

all (Table 8). Analyzed bacteria from the Bacteroidete and Bacilli classes contained both, the 

TK1-like genes as well as non-TK1-like genes, and most of the Bacteroidete also a hybrid 

between putative dNKs and hydroxymethyldihydropterin pyrophosphokinase (HPPK) (Table 8). 
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6 CONCLUSIONS 

 

The study of bacterial community dynamics at 5 m depth in the Gulf of Trieste during 2009 and 

2010 showed that bacterial community abundance and productivity changed seasonally, with 

lower values in the winter period and higher values during summer, and were positively 

correlated with ambient seawater temperature. The dynamics of bacterial community structure 

also exhibit seasonality with distinct ‘winter’ (January - February) and ‘summer’ (June - 

September) clusters in both years. In 2009 communities also formed a distinct ‘autumn’ (October 

- December) cluster and in 2010 a distinct ‘spring’ (March - May) cluster. The highest diversity 

in terms of the presence of different bacterial phyla was found in the summer libraries (July and 

August), while the lowest in the March and September libraries. Among the major bacterial 

groups detected in all libraries from both years were Alphaprotebacteria, Gammaproteobacteria, 

Bacteroidetes and Cyanobacteria. The SAR11 clade dominated Alphaprotebacteria in all 

libraries, implying the importance of these bacteria in the Gulf of Trieste, and it showed positive 

linear correlation with salinity indicating its preference for low-nutrient conditions. 

Rhodobacteraceae showed a positive correlation with PO4
3-

 concentration and were detected in 

high percentages in the periods of high chlorophyll a concentration and diatom blooms. The 

dynamics of Gammaproteobacteria showed a preference for the autumn period and displayed 

their importance for the degradation of diatom detritus after their fall bloom as well as colonizers 

and decomposers of marine snow aggregates in the autumn. On the other hand, Flavobacteria 

showed a preference for the late spring-early summer period characterized by higher nutrient 

concentrations and higher chlorophyll a concentrations due to spring phytoplankton blooms. 

Interestingly, Verrucomicrobia and Actinobacteria, which are commonly found in freshwater 

environments, were abundant in the periods of lower salinity, moreover, Verrucomicrobia 

showed a positive correlation with PO4
3-

 concentration, indicating the impact of river discharges 

on bacterial community composition in the Gulf of Trieste. In conclusion, our results point to the 

importance of temperature fluctuations for bacterial community abundance and productivity and 

on the other hand to the impact of seasonal freshwater discharges, phytoplankton blooms and 

fluctuations of inorganic nutrient, in particular PO4
3-

, concentration on bacterial community 

composition in the Gulf of Trieste. 
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The phosphorous enrichment experiment conducted in the Gulf of Trieste showed that one single 

impulse of orthophosphate to DIP-starved seawater of the Gulf of Trieste resulted in an intense 

diatom-dominated phytoplankton and bacterioplankton bloom that persisted in the system for a 

considerable time (64 days). At the peak of the diatom bloom the increase of Rhodobacteriaceae 

and Flavobacteria was recorded, as also observed in the study of the seasonal dynamics of the 

bacterial community in the Gulf of Trieste. Since DIP was depleted after eight days in our 

experiment, the regeneration of phosphorous by bacteria must have occurred in order to maintain 

high Chl a and PP values. In the post-bloom detrital phase, DOC and POC accumulated and GeP 

particles increased, therefore we hypothesize that the regeneration of phosphorous by bacteria 

maintained high carbon fixation by phytoplankton which led to DOC and POC accumulation in 

the system. At the same time Gammaproteobacteria procreated, as they did in the 2009 and 2010 

autumn libraries following recorded fall diatom blooms, implying their role in the degradation of 

this type of complex organic compound in the Gulf of Trieste. Interestingly, in contrast to other 

findings, Flavobacteria decreased in the detrital phase, suggesting that they were not able to 

degrade this type of organic matter. The decrease of SAR11 at the maximum of DOC 

accumulation and considering their high abundance and constant presence during 2009 and 2010 

in the Gulf of Trieste, points to the possibility of considerable perturbation of the bacterial 

community structure during similar events. The selected re-mineralization of the DOP by 

bacteria that leaves carbon rich and phosphorus depleted compounds in the dissolved phase, 

leading to carbon rich aggregate formation, was suggested. 

 

The addition of jellyfish substrate resulted in the increase of dissolved proteins, DOP and PO4
3-

 

concentration, which triggered an increase in the bacterial community growth rate, leading to the 

accumulation of high NH4
+
 and lower, but still significant DOP and PO4

3-
 concentration in the 

enrichment experiments conducted in the Gulf of Trieste and in Big Lake. It turned out, that P. 

noctiluca and R. pulmo are better substrates for ambient bacteria than Aurelia sp. The addition of 

Aurelia sp. resulted in greater changes of the bacterial community in the Gulf of Trieste 

compared to Big Lake, implying the different adaptation of those bacteria to the presence of 

jellyfish population. All the bacterial communities exposed to organically rich jellyfish substrate 

in the Gulf of Trieste diverged quickly from the starting community with the most pronounced 

change being the complete ‘disappearance’ of Alphaproteobacteria and the dominance of 
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cultivatable Gammaproteobacteria and Flavobacteria. Considering the high and constant 

abundance of Alphaproteobacteria in all the 16S rRNA libraries from 2009 and 2010 in the Gulf 

of Trieste, the complete ‘disappearance’ of this class implies the possibility of a dramatic 

perturbation of the bacterial community structure during such events. Furthermore, the natural 

ambient bacterial community was outcompeted and repressed by Vibrionales and 

Altermonadales which were otherwise not detected in the clone libraries from the two 

consecutive years in the Gulf of Trieste and were presumably introduced with the jellyfish 

homogenate. In addition, different types of jellyfish supported the growth of different groups of 

Gammaproteobacteria, suggesting that massive aggregations of different jellyfish species in the 

Gulf of Trieste could enhance the procreation of different bacterial groups. 

 

In the study of deoxyribonucleside kinases in aquatic bacteria we showed that several examined 

aquatic bacterial genomes possess genes encoding putative dNKs and have therefore a potential 

to salvage dNs. The molecular and biochemical analyses of dNKs of Gram-negative 

Bacteroidetes, F. psychrophilum JIP02/86 and Polaribacter sp. MED 152, showed that they can 

efficiently phosphorylate dT as well as dA and to some extent also dC. However, the stability of 

their TK1s seems to be greatly influenced by temperature. Therefore, incorporation of 
3
H-dT can 

indeed be used as a reflection of the growth potential of these two aquatic bacteria, however a 

precaution should be taken with the temperature of the enzymatic assay. The ability of various 

bacteria to incorporate externally added 
3
H-dT into newly synthesized DNA has been questioned 

in the past, therefore the bacteria biomass production has been largely measured using 
3
H-

Leucine incorporation method instead. Our results show that a majority of sequenced aquatic 

Betaproteobacteria lack TK1-like genes, which means that a whole fraction of the aquatic 

bacterial community might be overlooked when measuring bacterial biomass production by 
3
H-

dT incorporation method. 
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Appendix A 

 

Table A1: Bacterial clones from February, March, June and September 2009 and from February, May, July, August and November 

2010 16S rRNA gene clone libraries constructed on the basis of bacterial community DNA extracted from seawater samples collected 

at 5 m depth at the sampling site in the middle of the Gulf of Trieste. In the table there is a name and an accession number of the 

closest relative in GeneBank (NCBI) with % of similarity, family, taxon and isolation source for each bacterial clone. 

 

Year Month Clone Closest realtive in GeneBank, Accession No. Similarity (%) Family Taxon 

2009 February BF2_A2 Uncultured Flavobacteria bacterium clone NorSea23, AM279183   99% 
 

Flavobacteria 

  

BF2_A3 Uncultured Flavobacteria bacterium clone Vis_St6_1141, FN433328 99% 

 

Flavobacteria 

  

BF2_A5 Uncultured Flavobacteria bacterium clone Vis_St6_1141, FN433328 99% 

 

Flavobacteria 

  

BF2_A6 Uncultured Pseudomonas sp. clone VAS21, AM489702  99% Pseudomonadaceae Gamma 

  

BF2_A7 Uncultured bacterium clone 1C227509, EU799847  100% 

 

Alpha 

  

BF2_A8 Synechococcus sp. CC9311, CP000435 99% 

 

Cyanobacteria 

  

BF2_A12 Uncultured alpha proteobacterium clone SHAW693, GQ349804  97% 

 

Alpha 

  

BF2_B2 Uncultured SAR11 cluster alpha proteobacterium clone 7, AM748182 97% SAR11 Alpha 

  

BF2_B3 Uncultured bacterium clone 1C227741, EU800052 99% Rhodobacteraceae Alpha 

  

BF2-B7 Uncultured cyanobacterium clone TAI-8-89, AM259810 99% 

 

Cyanobacteria 

  

BF2_B8 Uncultured bacterium clone 2C228144, EU800151 99% 

 

Actinobacteria  

  

BF2_B11 Uncultured Pseudomonas sp. clone VAS21, AM489702 99% Pseudomonadaceae Gamma 

  

BF2_C2 Uncultured bacterium clone 1C227542, EU799877 100% 

 

Actinobacteria 

  

BF2_C5 Uncultured bacterium clone 1C227518, EU799855 100% 

 

Alpha  

  

BF2_C6 Uncultured Flavobacteria bacterium clone Vis_St6_99, FN433401 99% 

 

Flavobacteria 

  

BF2_C7 Uncultured bacterium clone 1C227641, EU799963 96% 

 

Gamma 

  

BF2_C11 Uncultured marine bacterium clone SPOTSAPR01_5m133, DQ009092  99% 

 

Unclassified 

  

BF2_D1 Pseudomonas sp. W15Feb38, EU681021  99% Pseudomonadaceae Gamma 

  

BF2_D2 Uncultured alpha proteobacterium clone SHAN709, GQ349290 99% 

 

Alpha 

  

BF2_D3 Uncultured bacterium clone 1C226622, EU799066  99% Rhodobacteraceae Alpha 

  

BF2_D4 Uncultured delta proteobacterium clone ARTE12_206, GU230403 99% 

 

Delta 

  

BF2_D5 Uncultured Sphingobacterium sp. EB080_L08E11, GU474939 99% Sphingobacteriaceae Sphingobacteria 

  

BF2_D6 Uncultured bacterium clone 1C227741, EU800052 99% Rhodobacteraceae Alpha 

  

BF2_D7 Uncultured bacterium clone 1C226664, EU799103 99% 

 

Flavobacteria 

  

BF2_D8 Arctic seawater bacterium Bsw20359, DQ064614 99% 

 

Unclassified 

  

BF2_D9 Uncultured bacterium clone 1C227669, EU799989 100% Rhodobacteraceae Alpha 

  

BF2_D10 Uncultured Flavobacteria bacterium clone Vis_St3_53, FN433379 99% 

 

Flavobacteria 



 

  

BF2_D12 Uncultured bacterium clone 1C226952, EU799365 99% Rhodobacteraceae   Alpha 

  

BF2_E1 Uncultured bacterium clone 1C227205, EU799589  99% 

 

Actinobacteria  

  

BF2_E2 Uncultured Pseudomonas sp. clone VAS21, AM489702 96% Pseudomonadaceae Gamma 

  

BF2_E4 Uncultured Flavobacteria bacterium clone Vis_St6_1141, FN433328  99% 

 

Flavobacteria 

  

BF2-E5 Uncultured Sphingobacterium sp. EB080_L08E11, GU474939 99% Sphingobacteriaceae Sphingobacteria 

  

BF2_E6 Uncultured bacterium clone S25_155, EF573811 97% 

 

Unclassified 

  

BF2_E7 Uncultured bacterium clone 1C227364, EU799724 99% 

 

Actinobacteria  

  

BF2_E11 Uncultured bacterium clone 3C003009, EU801661 100% SAR11 Alpha 

  

BF2_E12 Uncultured bacterium clone 3C002939, EU801602  97% Flavobacteriaceae   Flavobacteria  

  

BF2_F1 Uncultured Sphingobacterium sp. EB080_L08E11, GU474939 98% Sphingobacteriaceae Sphingobacteria 

  

BF2_F3 Uncultured bacterium clone 2C229209, EU800950 100% Rhodobacteraceae Alpha 

  

BF2_F5 Uncultured bacterium clone 3C003637,  EU802209 99% SAR11 Alpha 

  

BF2_F6 Uncultured bacterium clone 1C227661, EU799981  99% SAR11 Alpha 

  

BF2_F7 Uncultured Flavobacteria bacterium clone Vis_St6_1141, FN433328  98% 

 

Flavobacteria  

  

BF2_F8 Uncultured bacterium clone 2C228595, EU800481 99% SAR11 Alpha 

  

BF2_F9 Uncultured marine bacterium clone A6-3-24, FJ826332 99% Chloroplast Cyanobacteria 

  

BF2_F10 Uncultured alpha proteobacterium clone M0-sP3E04, EF016466 98% Rhodobacteraceae  Alpha 

  

BF2_F10 Uncultured Flavobacteria bacterium clone Vis_St6_1141, FN433328  99% 

 

Flavobacteria 

  

BF2_F11 Uncultured bacterium clone 6C233403, EU805394 99% 

 

Actinobacteria  

  

BF2_F12 Uncultured Flavobacteria bacterium clone Vis_St6_73, FN433389 98% 

 

Flavobacteria 

  

BF2_G3 Uncultured Flavobacteria bacterium clone NorSea23, AM279183 99% 

 

Flavobacteria 

  

BF2_G4 Uncultured Flavobacteria bacterium clone Vis_St6_1141, FN433328  99% 

 

Flavobacteria 

  

BF2_G5 Uncultured bacterium clone 1C227364, EU799724 99% 

 

Actinobacteria 

  

BF2_G6 Uncultured bacterium clone Mann16S_E02, FJ952685 99% Pseudoalteromonadaceae  Gamma 

  

BF2_G7 Uncultured Flavobacteria bacterium clone 211-17-40, HQ433385 99% 

 

Flavobacteria 

  

BF2_G8 Uncultured bacterium clone 6C233049, EU805066  98% SAR11 Alpha 

  

BF2_G9 Uncultured Flavobacteria bacterium clone Vis_St6_1141, FN433328  99% 

 

Flavobacteria 

  

BF2_G10 Uncultured bacterium clone PDM-OTU14, AY700630 97% 

 

Alpha 

  

BF2_G11 Uncultured bacterium clone 1C227139,  EU799529 99% SAR11 Alpha 

  

BF2_H1 Uncultured alpha proteobacterium clone CB1893b.23, GQ337257  99% SAR11 Alpha 

  

BF2_H2 Uncultured bacterium clone 6C233009, EU805027 99% 

 

Alpha 

  

BF2_H3 Uncultured bacterium clone 1C227741, EU800052 100% Rhodobacteraceae  Alpha 

  

BF2_H4 Uncultured Sphingobacterium sp. EB080_L08E11, GU474939 99% Sphingobacteriaceae Sphingobacteria 

  

BF2_H6 Uncultured actinobacterium clone ARTE1_273, GU230443   99% 

 

Actinobacteria 

  

BF2_H8 Uncultured bacterium clone 6C233389, EU805381  99% 

 

Bacteroidetes 

  

BF2_H9 Uncultured Roseobacter sp. clone 47, AM748222 98% Rhodobacteraceae Alpha 

  

BF2_H12 Marinobacter sp. CF6-10, FJ170004  99% Alteromonadaceae Gamma 

 

 



 

Year Month Clone Closest realtive in GeneBank, Accession No. Similarity (%) Family Taxon 

2009 March BF3_A4 Uncultured Flavobacteria bacterium clone Vis_St6_76,  FN433392 100% 

 

Flavobacteria 

  

BF3_A7 Uncultured Flavobacteria bacterium clone Vis_St6_76,  FN433392 98% 

 

Flavobacteria 

  

BF3_A9 Uncultured bacterium clone 4C230314 , EU802921 99% SAR11 Alpha 

  

BF3_A10 Uncultured alpha proteobacterium clone ARTE1_210, GU230266  99% SAR11 Alpha 

  

BF3_A12 Uncultured bacterium clone 1C226805, EU799228 100% 

 

Gamma 

  

BF3_B1 Uncultured bacterium clone 3C003634, EU802206 99% SAR11 Alpha 

  

BF3_B2 Uncultured organism clone Reef_D06, GU119865 99% 

 

Cyanobacteria 

  

BF3_B5 Uncultured cyanobacterium clone TAI-2-166, AM259793  99% 

 

Cyanobacteria 

  

BF3_B6 Uncultured bacterium clone 2C228151, EU800158  99% SAR11 Alpha 

  

BF3_B10 Uncultured bacterium clone s29, EU919835  98% 

 

Cyanobacteria 

  

BF3_B11 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224  99% SAR11 Alpha 

  

BF3_C7 Uncultured alpha proteobacterium clone SHAB451, GQ348565  99% 

 

Alpha 

  

BF3_C9 Uncultured alpha proteobacterium clone ARTE4_233, GU230209 99% 

 

Alpha 

  

BF3_C10 Uncultured cyanobacterium clone SGSO596, GQ347849 99% 

 

Cyanobacteria 

  

BF3_C11 Uncultured Psychromonas sp. clone F1C69, AY794084  99% Psychromonadaceae Gamma 

  

BF3_D1 Uncultured cyanobacterium clone TAI-2-60, AM259815   99% 

 

Cyanobacteria 

  

BF3_D2 Uncultured marine bacterium clone SPOTSAPR01_5m28, DQ009318 99% 

 

Unclassified 

  

BF3_D4 Uncultured alpha proteobacterium clone ARTE1_210, GU230266  99% SAR11 Alpha 

  

BF3_D7 Uncultured cyanobacterium clone TAI-2-60, AM259815   99% 

 

Cyanobacteria 

  

BF3_D8 Uncultured marine bacterium clone SPOTSOCT00_5m14, DQ009324  99% 

 

Unclassified 

  

BF3_D11  Uncultured bacterium clone 1C227213, EU799595 99% SAR11 Alpha 

  

BF3_E1 Uncultured bacterium clone F9P2610_S_P20, HQ672232 99% 

 

Cyanobacteria 

  

BF3_E6 Uncultured bacterium clone 1C227185, EU799573 99% SAR11 Alpha 

  

BF3_E8 Uncultured bacterium clone 1C226979, EU799390 99% 

 

Gamma 

  

BF3_E9 Uncultured cyanobacterium clone TAI-2-166, AM259793  100% 

 

Cyanobacteria 

  

BF3_F1 Uncultured Synechococcus sp. clone PEACE2006/178_P3, EU394578 100% Synechococcus Cyanobacteria 

  

BF3_F2 Uncultured Synechococcus sp. clone PEACE2006/178_P3, EU394578 100% Synechococcus Cyanobacteria 

  

BF3_F6 Uncultured bacterium clone 2C229385, EU801075  99% SAR11 Alpha 

  

BF3_F11 Uncultured alpha proteobacterium clone Arctic96A-20, AF353208 100% SAR11 Alpha 

  

BF3_G2 Idiomarina loihiensis L2TR, AE017340 100% Idiomarinaceae Gamma 

  

BF3_G3 Uncultured bacterium clone 1C227185, EU799573 100% SAR11 Alpha 

  

BF3_G6 Uncultured Flexibacter sp. clone TAU-7-69, AM259764 99% Cytophagaceae Cytophagia 

  

BF3_G8 Uncultured bacterium clone 5S71, JF272226 98% 

 

Unclassified 

  

BF3_G11 Uncultured bacterium clone 2C228614, EU800493 99% 

 

Actinobacteria  

  

BF3_G12 Uncultured Synechococcus sp. clone PEACE2006/178_P3, EU394578 100% Synechococcus Cyanobacteria 

  

BF3_H2 Uncultured cyanobacterium clone TAI-2-60, AM259815   99% 

 

Cyanobacteria 



 

  

BF3_H3 Uncultured bacterium clone S25_1684, EF575340 100% 

 

Cyanobacteria  

  

BF3_H4 Uncultured Synechococcus sp. clone PEACE2006/178_P3, EU394578 99% Synechococcus Cyanobacteria 

  

BF3_H7 Uncultured bacterium clone 3C003637, EU802209 98% SAR11 Alpha 

  

BF3_H8 Uncultured bacterium clone 6C233190, EU805196 99% SAR11 Alpha 

  

BF3_H11 Uncultured bacterium clone F9P2610_S_P20, HQ672232 100% 

 

Cyanobacteria 

  

BF3_H12 Uncultured alpha proteobacterium clone ARTE1_210, GU230266  99% 

 

Alpha 

 

Year Month Clone Closest realtive in GeneBank, Accession No. Similarity (%) Family Taxon 

2009 June BF6_A3 Uncultured actinobacterium clone CB31G03, EF471631  98% Microbacteriaceae  Actinobacteria  

  

BF6_A4 Uncultured bacterium clone 1C227473, EU799817 97% SAR11 Alpha 

  

BF6_A5 Synechococcus sp. CCMP839, AY946244 99% Synechococcus Cyanobacteria 

  

BF6_A9 Uncultured bacterium clone 1C227144, EU799533 99% SAR11 Alpha 

  

BF6_A12 Uncultured delta proteobacterium clone D8W_39, HM057716 97% 

 

Delta 

  

BF6_B1 Uncultured bacterium, CU914902 96% 

 

Unclassified 

  

BF6_B2 Uncultured Flavobacteria bacterium clone NorSea33, AM279185 99% 

 

Flavobacteria 

  

BF6_B3 Uncultured bacterium clone 1C227739, EU800050 99% 

 

Flavobacteria 

  

BF6_B6 Sphingomonadaceae bacterium E4A9, EF623998 99% Sphingomonadaceae Alpha 

  

BF6_B7 Uncultured marine bacterium clone MOLA_JUN08-5m-60, GU204707 98% 

 

Flavobacteria 

  

BF6_B8 Uncultured bacterium clone 6C233336, EU805333 98% Flavobacteriaceae Flavobacteria  

  

BF6_B11 Uncultured marine bacterium clone DUNE-t8C2-113, HM117291   99% 

 

Unclassified 

  

BF6_C8 Uncultured bacterium clone CEP-5m-59, GU061746  99% 

 

Cyanobacteria  

  

BF6_C9 Uncultured Flavobacteria bacterium clone NorSea33, AM279185 99% 

 

Flavobacteria 

  

BF6_C12 Uncultured alpha proteobacterium clone ARTE4_196, GU230248  99% 

 

Alpha 

  

BF6_D2 Uncultured Flavobacteria bacterium clone NorSea33, AM279185 98% 

 

Flavobacteria 

  

BF6_D4 Uncultured Flavobacterium sp. clone TAI-2-81, AM259825  99% Flavobacteriaceae Flavobacteria 

  

BF6_D6 Uncultured bacterium clone S-DCM-38, GU062000 99% 

 

Cyanobacteria  

  

BF6_D7 Uncultured bacterium clone CE2-5m-47, GU061547  99% 

 

Cyanobacteria  

  

BF6_D8 Uncultured alpha proteobacterium clone TAU-7-36, AM259743  99% SAR11 Alpha 

  

BF6_D9 Uncultured marine bacterium clone A40, EU010132 99% Flavobacteriaceae  Flavobacteria 

  

BF6_E1 Uncultured marine bacterium clone A40, EU010132 99% Flavobacteriaceae  Flavobacteria 

  

BF6_E3 Euzebya tangerina, AB478418 97% Nitriliruptoraceae Actinobacteria 

  

BF6_E5 Uncultured Flavobacteria bacterium clone Vis_St18_41, FN433429 99% 

 

Flavobacteria 

  

BF6_E9 Uncultured bacterium clone S25_1653, EF575309  99% 

 

Cyanobacteria  

  

BF6_F6 Uncultured bacterium clone F52, AY375128 97% Hyphomonadaceae  Alpha 

  

BF6_F8 Uncultured marine bacterium clone A40, EU010132 99% Flavobacteriaceae  Flavobacteria 

  

BF6_F12 Uncultured bacterium clone S-DCM-69, GU062007 99% 

 

Cyanobacteria  

  

BF6_G7 Uncultured bacterium clone 4C230207, EU802828  99% SAR11 Alpha 

  

BF6_G9 Uncultured marine bacterium clone A40, EU010132 99% Flavobacteriaceae  Flavobacteria 

  

BF6_H1 Uncultured bacterium clone S25_1653, EF575309  99% 

 

Cyanobacteria  



 

  

BF6_H3 Uncultured Bacteroidetes bacterium clone A8W_210, HM057802 99% Flavobacteriaceae  Flavobacteria 

  

BF6_H4 Uncultured bacterium clone 3C003672, EU802234 99% SAR11 Alpha 

  

BF6_H5 Uncultured Flavobacterium sp. clone TAI-2-81, AM259825  98% Flavobacteriaceae Flavobacteria 

  

BF6_H6 Uncultured bacterium clone 1C226905, EU799323  99% Alteromonadaceae  Gamma  

  

BF6_H10 Uncultured bacterium clone S25_1653, EF575309  99% 

 

Cyanobacteria  

 

Year Month Clone Closest realtive in GeneBank, Accession No. Similarity (%) Family Taxon 

2009 September BF9_A6 Uncultured bacterium clone 6C233365, EU805359  99% SAR11 Alpha 

  

BF9_A9 Uncultured bacterium clone 6C232133, EU804233  98% SAR11 Alpha 

  

BF9_A11 Uncultured alpha proteobacterium clone ARTE1_103, GU230260 99% 

 

Alpha 

  

BF9_B9 Uncultured CFB group bacterium clone AEGEAN_179, AF406541  99% Flavobacteriaceae  Flavobacteria 

  

BF9_C10 Uncultured bacterium clone 1C227719, EU800032  96% Rhodobacteraceae  Alpha 

  

BF9_C11 Synechococcus sp. KORDI-50, FJ497730  99% Synechococcus Cyanobacteria 

  

BF9_D2 Uncultured bacterium clone 6C233381, EU805373 97% Flavobacteriaceae Flavobacteria  

  

BF9_D7 Uncultured bacterium clone 1C227083, EU799479 99% 

 

Gamma 

  

BF9_E1 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 98% SAR86 Gamma 

  

BF9_E7 Uncultured bacterium clone CE2-DCM-83, GU061662 97% 

 

Cyanobacteria 

  

BF9_E8 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224  98% SAR11 Alpha 

  

BF9_F5 Uncultured bacterium clone 4C230271, EU802883 97% 

 

Gamma  

  

BF9_F7 Uncultured Bacteroidetes bacterium clone M0-Ar2-P4C02, EF016475 98% Flavobacteriaceae  Flavobacteria 

  

BF9_F9 Uncultured bacterium clone 1C227600, EU799926  97% Chitinophagaceae Sphingobacteria 

  

BF9_G10 Uncultured bacterium clone 01D1q147, DQ330714 98% 

 

Unclassified 

  

BF9_H10 Uncultured bacterium clone 3C003055, EU801696  99% 

 

Unclassified 

 

  



 

Year Month Clone Closest realtive in GeneBank, Accession No. Similarity (%) Family Taxon 

2010 February BF2_A2 Uncultured bacterium clone CE1-DCM-77, GU061482 99% 
 

Cyanobacteria 

  

BF2_A6 Uncultured bacterium clone 6C232895, EU804919 99% SAR11 Alpha 

  

BF2_A7 Uncultured bacterium clone A714006, AY907817 98% Cryomorphaceae  Flavobacteria 

  

BF2_A9 Uncultured Arctic sea ice bacterium clone FB04bi.13, EU837029 99% 

 

Unclassified 

  

BF2_A10 Uncultured bacterium clone CE1-DCM-77, GU061482 99% 

 

Cyanobacteria 

  

BF2_A11 Uncultured bacterium clone F9P1210_S, HQ671804 99% 

 

Cyanobacteria 

  

BF2_A12 Uncultured bacterium clone S25_1074, EF574730  98% 

 

Cyanobacteria 

  

BF2_B1 Uncultured bacterium clone 1C227762, EU800066 99% SAR11 Alpha 

  

BF2_B6 Uncultured bacterium clone S-DCM-15, GU061995  99% 

 

Cyanobacteria 

  

BF2_B8 Uncultured bacterium clone 6C233066, EU805081 99% SAR11 Alpha 

  

BF2_B12 Uncultured bacterium clone 6C233107, EU805119 99% Flavobacteriaceae   Flavobacteria 

  

BF2_C1 Uncultured bacterium clone S23_287,  EF572188  98% 

 

Alpha 

  

BF2_C4 Uncultured cyanobacterium clone TAI-2-166, AM259793 99% 

 

Cyanobacteria 

  

BF2_C11 Uncultured bacterium clone 6C233186, EU805192 99% SAR11 Alpha 

  

BF2_C12 Synechococcus sp. CC9311, AY172801  99% 

 

Cyanobacteria 

  

BF2_D5 Uncultured cyanobacterium clone TAI-8-100, AM259800  99% 

 

Cyanobacteria 

  

BF2_D6 Synechococcus sp. WH 8016, AY172834 99% 

 

Cyanobacteria 

  

BF2_D10 Uncultured bacterium clone 6C233070,  EU805085  99% 

 

Gamma 

  

BF2_D11 Uncultured bacterium clone Reef_K03, GU119223 98% Planctomycetaceae Planctomycetes  

  

BF2_D12 Uncultured bacterium clone 2C228389, EU800334 99% SAR11 Alpha 

  

BF2_E5 Uncultured bacterium clone 3C003520, EU802114  99% SAR11 Alpha 

  

BF2_E6 Uncultured bacterium clone S-DCM-15, GU061995  100% 

 

Cyanobacteria 

  

BF2_E8 Uncultured bacterium clone 4C230498,  EU803080  99% SAR11 Alpha 

  

BF2_E12 Uncultured bacterium ARCTIC08_C_07, EU795249 100% Methylophilaceae Beta 

  

BF2_F1 Uncultured bacterium clone 6C233365, EU805359 99% SAR11 Alpha 

  

BF2_F2 Uncultured bacterium clone N67e_87, EF646119  99% 

 

Delta 

  

BF2_F3 Uncultured bacterium clone J8P41000_1E04, GQ351170  99% Cryomorphaceae  Flavobacteria 

  

BF2_F8 Uncultured marine bacterium clone Surf1.9, DQ071172  99% SAR11 Alpha 

  

BF2_F10 Uncultured gamma proteobacterium clone SHAG448, GQ348876 99% 

 

Gamma 

  

BF2_F11 Uncultured bacterium clone S25_855, EF574511  98% 

 

Cyanobacteria 

  

BF2_F12 Uncultured bacterium clone 6C233070, EU805085  98% 

 

Gamma 

  

BF2_G1 Uncultured Synechococcus NAC1-5, AF245618 99% 

 

Cyanobacteria 

  

BF2_G2 Uncultured Roseobacter sp. clone 47, AM748222  99% Rhodobacteraceae Alpha 

  

BF2_G6 Uncultured bacterium clone Reef_L13, GU119349 98% Planctomycetaceae  Planctomycetes 

  

BF2_G8 Uncultured cyanobacterium clone TAI-8-100, AM259800  99% 

 

Cyanobacteria   

  

BF2_G9 Uncultured Synechococcus sp. clone PEACE2006/178_P3, EU394578 99% 

 

Cyanobacteria 

  

BF2_G12 Uncultured gamma proteobacterium HF0130_22O14, GU567965 99% 

 

Gamma 

  

BF2_H1 Uncultured marine bacterium clone MOLA_JUN08-5m-27, GU204675  98% 

 

Gamma 

  

BF2_H5 Uncultured bacterium clone 3C003634, EU802206 99% SAR11 Alpha 

  

BF2_H6 Uncultured Flavobacterium sp. clone ARTE9_186, GU230418 98% Cryomorphaceae   Flavobacteria 



 

  

BF2_H7 Uncultured bacterium clone 1C226691, EU799128 97% Rhodobacteraceae  Alpha 

  

BF2_H11 Uncultured marine bacterium clone SPOTSFEB02_70m27, DQ009450 99% Rhodospirillaceae Alpha 

  

BF2_H12 Uncultured bacterium clone S-DCM-15, GU061995  100% 

 

Cyanobacteria 

 

Year Month Clone Closest relative in GeneBank, Accession No. Similarity (%) Family Taxon 

2010 May BF5_A2 Uncultured Bacteroidetes bacterium clone M0-Ar2-P4A07, EF016474 98% Flavobacteriaceae Flavobacteria 

  

BF5_A7 Uncultured Flexibacter sp. clone TAU-7-69, AM259764  99% Cytophagaceae Cytophagia 

  

BF5_A8 Uncultured Flavobacteria clone NorSea71, AM279211 99% Flavobacteriaceae Flavobacteria 

  

BF5_A10 Uncultured bacterium clone S25_1306, EF574962 98% 

 

Cyanobacteria 

  

BF5_A11 Uncultured Bacteroidetes bacterium clone M0-Ar2-P4A07, EF016474 99% Flavobacteriaceae Flavobacteria 

  

BF5_B1 Uncultured bacterium clone 1C227710, EU800023 99% Rhodobacteraceae  Alpha  

  

BF5_B3 Uncultured Bacteroidetes bacterium clone M0-Ar2-P4A07, EF016474 99% Flavobacteriaceae Flavobacteria 

  

BF5_B4 Uncultured bacterium clone 1C227710, EU800023 99% Rhodobacteraceae  Alpha  

  

BF5_B5 Uncultured bacterium clone 2C228195, EU800188 99% 

 

Gamma  

  

BF5_B6 Uncultured bacterium clone 1C226799, EU799222  100% 

 

Gamma  

  

BF5_B9 Sphingomonas sp. BN6, AF230875 99% Sphingomonadaceae Alpha 

  

BF5_B10 Uncultured alpha proteobacterium clone SHAB655, GQ348734  99% 

 

Alpha 

  

BF5_B12 Uncultured Bacteroidetes bacterium clone M0-Ar2-P4A07, EF016474 99% Flavobacteriaceae Flavobacteria 

  

BF5_C2 Uncultured Flexibacter sp. clone TAU-7-69, AM259764  99% Cytophagaceae Cytophagia 

  

BF5_C3 Uncultured bacterium clone 2C228195 , EU800188  99% 

 

Gamma  

  

BF5_C4 Uncultured Flavobacteria bacterium Vis_St18_41, FN433429 98% Flavobacteriaceae  Flavobacteria 

  

BF5_C7 Uncultured Bacteroidetes bacterium clone M0-Ar2-P4A07, EF016474 99% Flavobacteriaceae Flavobacteria 

  

BF5_C8 Uncultured bacterium clone 1C227112, EU799505  99% 

 

Alpha 

  

BF5_C9 Uncultured bacterium clone 1C227509 , EU799847 99% 

 

Alpha 

  

BF5_C10 Uncultured bacterium clone 2C228195, EU800188 99% 

 

Gamma 

  

BF5_C11 Uncultured bacterium clone 3C003672, EU802234 99% SAR11 Alpha 

  

BF5_C12 Uncultured Flavobacteria bacterium clone NorSea71, AM279211 99% 

 

Flavobacteria 

  

BF5_D1 Uncultured Flavobacteria bacterium clone NorSea71, AM279211 96% 

 

Flavobacteria 

  

BF5_D3 Uncultured bacterium clone 6C233039, EU805057  98% Puniceicoccaceae Verrucomicrobia 

  

BF5_D4 Uncultured marine bacterium clone MOLA_JUN08-5m-172, GU204653  100% Flavobacteriaceae Flavobacteria 

  

BF5_D5 Synechococcus sp. WH 8018, AF311292 99% 

 

Cyanobacteria 

  

BF5_D7 Uncultured bacterium clone 1C227131,  EU799523  99% SAR11 Alpha 

  

BF5_D10 Uncultured actinobacterium clone CB31G03, EF471631  97% Microbacteriaceae  Actinobacteria   

  

BF5_D11 Uncultured Bacteroidetes bacterium clone M0-Ar2-P4A07, EF016474 98% Flavobacteriaceae Flavobacteria 

  

BF5_D12 Uncultured marine bacterium clone MOLA_JUN08-5m-149, GU204629  99% Flavobacteriaceae Flavobacteria 

  

BF5_E1 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224 98% SAR11 Alpha 

  

BF5_E2 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 97% SAR86 Gamma 



 

  

BF5_E3 Uncultured cyanobacterium clone TAI-2-166, AM259793 99% 

 

Cyanobacteria 

  

BF5_E6 Uncultured bacterium clone S-DCM-92, GU062009    99% 

 

Cyanobacteria 

  

BF5_E9 Uncultured bacterium clone 4C229879, EU802537  98% Alteromonadaceae  Gamma  

  

BF5_F4 Uncultured marine bacterium clone MOLA_JUN08-5m-54, GU204700  99% Kiloniellaceae Alpha 

  

BF5_F8 Uncultured bacterium clone 1C226736,  EU799167  99% 

 

Gamma  

  

BF5_F9 Uncultured marine bacterium clone MOLA_JUN08-5m-149, GU204629  99% Flavobacteriaceae Flavobacteria 

  

BF5_F10 Uncultured Flexibacter sp. clone TAU-7-69, AM259764  99% Cytophagaceae Cytophagia 

  

BF5_G1 Uncultured bacterium clone 1C227226,  EU799607 99% Flavobacteriaceae Flavobacteria 

  

BF5_G3 Uncultured alpha proteobacterium TAU-7-44, AM259745 99% 

 

Alpha 

  

BF5_G4 Uncultured bacterium clone WC6, GU981792  99% 

 

Cyanobacteria 

  

BF5_G5 Uncultured Flavobacteria bacterium clone NorSea72, AM279212 99% 

 

Flavobacteria 

  

BF5_G7 Uncultured bacterium isolate, clone FRA_113_A05_2008-07-08. 99% Cryomorphaceae Flavobacteria 

  

BF5_G8 Uncultured bacterium clone 1C226736,  EU799167  99% 

 

Gamma  

  

BF5_G9 Uncultured marine bacterium clone MOLA_JUN08-5m-149, GU204629  99% Flavobacteriaceae Flavobacteria 

  

BF5_G10 Uncultured bacterium clone S25_929, EF574585  99% 

 

Cyanobacteria 

  

BF5_G11 Uncultured bacterium clone PH-B6, EF659432  98% Rhodobacteraceae  Alpha  

  

BF5_G12 Uncultured Bacteroidetes bacterium clone M0-Ar2-P4A07, EF016474 99% Flavobacteriaceae Flavobacteria 

  

BF5_H2 Uncultured marine bacterium clone MOLA_JUN08-5m-149, GU204629  99% Flavobacteriaceae Flavobacteria 

  

BF5_H4 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224 98% SAR11 Alpha 

  

BF5_H6 Uncultured marine bacterium clone MOLA_JUN08-5m-149, GU204629  99% Flavobacteriaceae Flavobacteria 

  

BF5_H11 Uncultured Synechococcus sp. isolate SRODG010, FM995188 99% 

 

Cyanobacteria 

 

  



 

Year Month Clone Closest relative in GeneBank, Accession No. Similarity (%) Family Taxon 

2010 July BF7_A2 Uncultured bacterium clone PH-B6, EF659432  99% Rhodobacteraceae  Alpha 

  

BF7_A6 Uncultured gamma proteobacterium clone ARTE1_251, GU230297   99% 

 

Gamma 

  

BF7_A7 Uncultured Flavobacterium sp. clone TAU-7-02, AM259763 99% Flavobacteriaceae Flavobacteria 

  

BF7_A9 Uncultured bacterium clone PC-PA11-51, EF379800 98% Alteromonadaceae Gamma 

  

BF7_A10 Uncultured bacterium clone 4C229861, EU802522 99% SAR11 Alpha 

  

BF7_A11 Alpha proteobacterium GMDJE10E3,  AY162090  98% Hyphomonadaceae  Alpha 

  

BF7_B4 Uncultured actinobacterium clone CB31G03, EF471631 98% Microbacteriaceae  Actinobacteria 

  

BF7_B5 Synechococcus sp. RS9920, AY172830 99% Synechococcus Cyanobacteria 

  

BF7_B6 Synechococcus WH8101, AF001480   99% Synechococcus Cyanobacteria 

  

BF7_B8 Synechococcus sp. RS9905, AY172815 99% Synechococcus Cyanobacteria 

  

BF7_B9 Uncultured bacterium clone PVP-5, EU283309  99% Microbacteriaceae  Actinobacteria  

  

BF7_B10 Uncultured bacterium clone 1C226667, EU799106  100% SAR11 Alpha 

  

BF7_B11 Coraliomargarita akajimensis DSM 45221, CP001998 97% Puniceicoccaceae Verrucomicrobia 

  

BF7_C1 Synechococcus sp. RS9920, AY172830 99% Synechococcus Cyanobacteria 

  

BF7_C3 Uncultured alpha proteobacterium clone HW1C07cA, FJ912790  99% 

 

Alpha 

  

BF7_C4 Uncultured planctomycete clone PRPR88, DQ903998 98% 

 

Planctomycetacia 

  

BF7_C7 Uncultured bacterium clone SSW61Ap, EU592350 98% Chitinophagaceae Sphingobacteria 

  

BF7_C8 Uncultured bacterium clone 1C227149, EU799538  99% Chitinophagaceae Sphingobacteria 

  

BF7_C10 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224 99% SAR11 Alpha 

  

BF7_D2 Synechococcus sp. RS9920, AY172830 99% Synechococcus Cyanobacteria 

  

BF7_D3 Uncultured bacterium clone NH10_19, DQ372846  99% Planctomycetaceae Planctomycetacia 

  

BF7_D4 Uncultured Synechococcus sp. clone A315004, AY125376  99% 

 

Cyanobacteria  

  

BF7_D5 Uncultured cyanobacterium clone W04ISG4R, EF629787 99% 

 

Cyanobacteria 

  

BF7_D8 Uncultured bacterium clone SSW61Ap, EU592350 98% Chitinophagaceae Sphingobacteria 

  

BF7_E1 Uncultured bacterium clone 1C227618, EU799942  99% Alteromonadaceae  Gamma  

  

BF7_E2 Uncultured cyanobacterium clone MWLSB264, FJ937858 98% 

 

Cyanobacteria 

  

BF7_E6 Uncultured bacterium clone CEP-5m-36, GU061738 99% 

 

Cyanobacteria 

  

BF7_E9 Uncultured bacterium clone 1C227728,  EU800039 99% Rhodospirillaceae Alpha 

  

BF7_E11 Uncultured marine bacterium clone MOLA_JUN08-5m-149, GU204629  98% Flavobacteriaceae  Flavobacteria 

  

BF7_F1 Uncultured bacterium clone S-DCM-92, GU062009  99% 

 

Cyanobacteria  

  

BF7_F3 Uncultured Synechococcus sp. isolate SRODG010, FM995188 99% Synechococcus Cyanobacteria  

  

BF7_F4 Uncultured Rhodobacteraceae bacterium clone DS023, DQ234107  99% Rhodobacteraceae Alpha 

  

BF7_F6 Uncultured planctomycete clone PRPR88, DQ903998 98% 

 

Planctomycetacia 

  

BF7_F7 Uncultured Rhodobacter group bacterium clone LA4-B3, AF513932  97% Rhodobacteraceae Alpha 

  

BF7_F8 Uncultured bacterium clone 1C226799, EU799222   99% 

 

Gamma 

  

BF7_F11 Uncultured Rhodobacteraceae bacterium clone DS117, DQ234200  99% Rhodobacteraceae Alpha 



 

  

BF7_G2 Uncultured alpha proteobacterium clone STX_27f, EF123343  97% 

 

Alpha 

  

BF7_G3 Uncultured bacterium clone Reef_N07,  GU119309  96% Hyphomonadaceae Alpha 

  

BF7_G7 Synechococcus sp. RS9920, AY172830 99% Synechococcus Cyanobacteria  

  

BF7_G8 Uncultured Flavobacterium sp. clone ARTE4_105, GU230412 99% Flavobacteriaceae Flavobacteria 

  

BF7_G11 Uncultured bacterium clone 1C227728,  EU800039 99% Rhodospirillaceae Alpha 

  

BF7_H2 Synechococcus sp. RS9920, AY172830 99% Synechococcus Cyanobacteria  

  

BF7_H5 Synechococcus WH8101, AF001480   99% Synechococcus Cyanobacteria  

  

BF7_H7 Uncultured alpha proteobacterium clone STX_27f, EF123343  98% 

 

Alpha 

  

BF7_H11 Uncultured bacterium clone 3C003055,  EU801696 99% 

 

Unclassified 

 

Year Month Clone Closest relative in GeneBank, Accession No. Similarity (%) Family Taxon 

2010 August BF8_A3 Uncultured bacterium clone PVP-58, EU283313 98% Microbacteriaceae   Actinobacteria 

  

BF8_A7 Uncultured bacterium clone 1C227762, EU800066  99% SAR11 Alpha 

  

BF8_A8 Uncultured alpha proteobacterium clone ARTE1_103, GU230260 99% 

 

Alpha 

  

BF8_A9 Microbacteriaceae bacterium CL-Dokdo102,  FJ214966  98% Microbacteriaceae Actinobacteria 

  

BF8_A11 Uncultured bacterium clone 1C227496, EU799836 99% 

 

Gamma 

  

BF8_A12 Uncultured bacterium clone S25_155,  EF573811  98% 

 

Cyanobacteria   

  

BF8_B3 Uncultured bacterium clone 1C227508, EU799846  98% Planctomycetaceae Planctomycetacia 

  

BF8_B5 Uncultured cyanobacterium clone BBD216b_35f, EF123580  98% 

 

Cyanobacteria 

  

BF8_B6 Uncultured bacterium clone 6C232448, EU804510 99% SAR11 Alpha 

  

BF8_B7 Uncultured bacterium clone S25_793, EF574449 99% 

 

Cyanobacteria 

  

BF8_B9 Uncultured bacterium clone 1C227112, EU799505 99% 

 

Alpha 

  

BF8_B11 Uncultured actinobacterium clone CB31G03, EF471631  98% 

 

Actinobacteria 

  

BF8_C1 Uncultured bacterium clone SSW61Ap, EU592350 99% Chitinophagaceae Sphingobacteria 

  

BF8_C2 Uncultured alpha proteobacterium clone ARTE1_103, GU230260 99% 

 

Alpha 

  

BF8_C6 Synechococcus sp. WH 8018, AF311292  99% Synechococcus Cyanobacteria  

  

BF8_C9 Uncultured bacterium clone 1C227618, EU799942 99% Alteromonadaceae Gamma  

  

BF8_C11 Uncultured alpha proteobacterium clone TAU-7-44, AM259745 98% Rhodospirillaceae   Alpha 

  

BF8_D2 Uncultured alpha proteobacterium clone F1_120f, EF123310   98% Hyphomonadaceae   Alpha 

  

BF8_D4 Uncultured bacterium clone 1C227496, EU799836 99% 

 

Gamma 

  

BF8_D5 Uncultured bacterium clone 6C232783, EU804819 99% SAR11 Alpha 

  

BF8_D6 Uncultured alpha proteobacterium clone ARTE1_103, GU230260 99% 

 

Alpha 

  

BF8_D7 Synechococcus sp. WH 8018, AF311292  99% Synechococcus Cyanobacteria  

  

BF8_D8 Uncultured alpha proteobacterium clone ARTE1_103, GU230260 99% 

 

Alpha 

  

BF8_D10 Uncultured bacterium clone 1C226736, EU799167 99% 

 

Gamma  

  

BF8_D12 Uncultured bacterium clone 2C229079, EU800851  99% SAR11 Alpha 



 

  

BF8_E2 Uncultured Erythrobacter sp. isolate EG15,  AM691107  99% Erythrobacteraceae Alpha 

  

BF8_E3 Vibrio sp. N384, GU223601   100% Vibrionaceae Gamma 

  

BF8_E5 Uncultured planctomycete clone CD207A02, DQ200559  97% 

 

Planctomycetacia 

  

BF8_E7 Uncultured Erythrobacter sp. isolate EG15,  AM691107  99% Erythrobacteraceae Alpha 

  

BF8_E10 Synechococcus sp. Minos01-AC6F1, AY172806 99% Synechococcus Cyanobacteria  

  

BF8_E12 Uncultured bacterium clone SSW61Ap, EU592350 99% Chitinophagaceae Sphingobacteria 

  

BF8_F3 Synechococcus sp. RS9905, AY172815  99% Synechococcus Cyanobacteria  

  

BF8_F6 Uncultured bacterium clone 1C226726 , EU799158  99% SAR11 Alpha 

  

BF8_F7 Uncultured bacterium clone CEP-5m-109, GU061719   99% 

 

Gamma  

  

BF8_F8 Uncultured bacterium clone 3C003479,  EU802080  99% SAR11 Alpha 

  

BF8_F9 Synechococcus sp. RS9920, AY172830  99% Synechococcus Cyanobacteria  

  

BF8_F11 Uncultured bacterium clone CE2-5m-58, GU061554   99% 

 

Cyanobacteria  

  

BF8_F12 Synechococcus sp. Minos01-AC6F1, AY172806 99% Synechococcus Cyanobacteria  

  

BF8_G1 Uncultured alpha proteobacterium clone SHAN638, GQ349250 99% SAR11 Alpha 

  

BF8_G2 Uncultured bacterium clone SSW61Ap, EU592350 97% Chitinophagaceae Sphingobacteria 

  

BF8_G4 Uncultured bacterium clone 3C003055, EU801696  99% 

 

Unclassified 

  

BF8_G6 Uncultured alpha proteobacterium clone ARTE1_103, GU230260 99% 

 

Alpha 

  

BF8_G8 Uncultured bacterium clone CE1-5m-2, GU061390 99% 

 

Cyanobacteria  

  

BF8_G10 Uncultured planctomycete clone PRPR88, DQ903998  98% 

 

Planctomycetacia 

  

BF8_G12 Uncultured cyanobacterium clone BBD216b_35f, EF123580  99% 

 

Cyanobacteria  

  

BF8_H2 Synechococcus sp. RS9905, AY172815  99% Synechococcus Cyanobacteria  

  

BF8_H3 Uncultured bacterium clone SSW74Ap, EU592352 97% Puniceicoccaceae Verrucomicrobia 

  

BF8_H5 Uncultured bacterium clone b47, EU919776 98% Planctomycetaceae   Planctomycetacia 

  

BF8_H8 Uncultured bacterium clone SSW61Ap, EU592350 98% Chitinophagaceae Sphingobacteria 

  

BF8_H9 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224  98% SAR11 Alpha 

 

  



 

Year Month Clone Closest relative in GeneBank, Accession No. Similarity (%) Family Taxon 

2010 November BF11_A5 Uncultured bacterium clone 6C232999, EU805018   99% 
 

Gamma 

  

BF11_A10 Uncultured bacterium clone 1C227466, EU799811 99% Rhodobacteraceae Alpha 

  

BF11_B1 Uncultured Verrucomicrobia bacterium clone PLY-P3-87, AY354864  98% 

 

Verrucomicrobia 

  

BF11_B7 Uncultured bacterium clone 1C227709, EU800022  99% 

 

Gamma  

  

BF11_B8 Uncultured bacterium clone 3C003520, EU802114  99% SAR11 Alpha 

  

BF11_C2 Uncultured SAR11 cluster alpha proteobacterium clone 7, AM748182  97% SAR11 Alpha 

  

BF11_C3 Marine snow associated bacterium Adriatic74, AF030772 98% Planctomycetaceae Planctomycetacia 

  

BF11_C7 Uncultured bacterium clone 1C227741, EU800052  99% Rhodobacteraceae   Alpha  

  

BF11_C11 Uncultured alpha proteobacterium clone M0-Ar2-P4C08, EF016462  99% Rhodobacteraceae  Alpha 

  

BF11_C12 Uncultured bacterium clone 1C227016, EU799420 99% Flavobacteriaceae Flavobacteria  

  

BF11_D2 Uncultured gamma proteobacterium clone ARTE9_400, GU230303 99% 

 

Gamma  

  

BF11_D6 Uncultured bacterium clone 3C003045, EU801687   100% SAR11 Alpha 

  

BF11_D7 Uncultured bacterium clone 2C229098, EU800863 99% Rhodospirillaceae Alpha  

  

BF11_D9 Uncultured bacterium clone 3C003491, EU802090 99% SAR11 Alpha 

  

BF11_D10 Uncultured bacterium clone 1C227618, EU799942  99% Alteromonadaceae   Gamma  

  

BF11_D11 Uncultured bacterium clone 1C227723, EU800035  99% 

 

Gamma   

  

BF11_D12 Uncultured Verrucomicrobia bacterium clone PLY-P3-87, AY354864   99% Puniceicoccaceae  Verrucomicrobia 

  

BF11_E3 Uncultured bacterium clone 2C229098, EU800863 99% Rhodospirillaceae Alpha  

  

BF11_E7 Uncultured bacterium clone 1C226751 , EU799180  99% Alteromonadaceae   Gamma  

  

BF11_E9 Uncultured bacterium clone 6C232999, EU805018   99% 

 

Gamma  

  

BF11_E10 Uncultured alpha proteobacterium clone PI_4t1e, AY580553  99% 

 

Alpha 

  

BF11_F1 Uncultured bacterium clone 1C227710, EU800023 99% Rhodobacteraceae  Alpha 

  

BF11_F2 Uncultured bacterium clone 1C227226, EU799607  99% Flavobacteriaceae  Flavobacteria  

  

BF11_F10 Uncultured bacterium clone 2C229058, EU800838   98% 

 

Actinobacteria  

  

BF11_G2 Uncultured bacterium clone 1C227033, EU799434  98% Rhodobacteraceae  Alpha 

  

BF11_G3 Uncultured bacterium clone 1C227016, EU799420 98% Flavobacteriaceae Flavobacteria  

  

BF11_G5 Uncultured bacterium clone F9P2610_S_P20, HQ672232 99% 

 

Cyanobacteria  

  

BF11_G7 Uncultured alpha proteobacterium clone ARTE4_111, GU230199  98% SAR11 Alpha 

  

BF11_G8 Uncultured bacterium clone 1C227756, EU800063  99% Rhodobacteraceae Alpha 

  

BF11_G12 Uncultured bacterium clone 1C227412, EU799764  99% Rhodobacteraceae  Alpha  

  

BF11_H2 Uncultured bacterium clone 1C226608, EU799054 99% Rhodobacteraceae   Alpha 

  

BF11_H4 Uncultured Verrucomicrobiales bacterium clone Belgica2005/10-130-26,  

DQ351768  

97% Puniceicoccaceae  Verrucomicrobia 

  

BF11_H6 Uncultured Verrucomicrobia bacterium clone PLY-P3-87, AY354864   99% Puniceicoccaceae  Verrucomicrobia 

  

BF11_H9 Uncultured bacterium clone 1C226751, EU799180 99% Alteromonadaceae  Gamma  

  

BF11_H10 Uncultured bacterium clone J8P41000_2A07, GQ351122 99% 

 

Gamma 

  

BF11_H12 Uncultured Synechococcus sp. clone A315004, AY125376 99% Synechococcus Cyanobacteria 

 

 



 

Appendix B 

 

Table B1: Bacterial clones from 16S rRNA gene clone libraries constructed on the basis of bacterial community DNA extracted from 

samples collected at T0, T6+P, T6-P, T8+P, T8-P, T13+P, T13-P during the inorganic phosphorous enrichment experiment in the Gulf 

of Trieste. In the table there is a name and an accession number of the closest relative in GeneBank (NCBI) with % of similarity, 

family, taxon and isolation source for each bacterial clone. 

 

Sampling day P enrichment Clone Accession No. Closest relative in GeneBank, Accession No. Similarity (%)  Taxon 

0   PEX_0_A1 JF495413 Uncultured SAR156 cluster gamma proteobacterium clone HF10_21H16, EU361709 98% Gamma 
0   PEX_0_A2 JF495414 Uncultured bacterium clone 6C232449, EU804511 97% Alpha 

0   PEX_0_A3 JF495415 Uncultured alpha proteobacterium clone PEACE2006/74_P2, EU394545  99% Alpha 

0   PEX_0_A4 JF495416 Uncultured delta proteobacterium HF0130_05G09, GU474912 (*not published) 99% Delta 

0   PEX_0_A5 JF495417 Uncultured SAR11 cluster alpha proteobacterium, AM748224 99% Alpha 

0   PEX_0_A6 JF495418 Uncultured SAR11 cluster alpha proteobacterium, AM748224 99% Alpha 

0   PEX_0_B1 JF495419 Uncultured bacterium clone 6C233107, EU805119 99% Flavobacteria 

0   PEX_0_B2 JF495420 Uncultured bacterium clone 1C226994, EU799402   99% Alpha 

0   PEX_0_B3 JF495421 Uncultured bacterium clone 1C227643, EU799965  99% Beta 

0   PEX_0_B4 JF495422 Uncultured bacterium clone 1C227645, EU799967  99% Alpha 

0   PEX_0_B5 JF495423 Uncultured bacterium clone 6C232992, EU805011 99% Gamma 

0   PEX_0_B6 JF495424 Uncultured SAR11 cluster alpha proteobacterium, AM748224 99% Alpha 

0   PEX_0_C2 JF495425 uncultured bacterium clone 1C226807, EU799230 99% Gamma 

0   PEX_0_C3 JF495426 Uncultured bacterium clone 2C228377, EU800325  99% Alpha 

0   PEX_0_C5 JF495427 Uncultured SAR86 cluster gamma proteobacterium, AM748220 98% Gamma 

0   PEX_0_C6 JF495428 Uncultured SAR11 cluster alpha proteobacterium, AM748224 98% Alpha 

0   PEX_0_D1 JF495429 Uncultured bacterium clone 6C233066, EU805081  100% Alpha 

0   PEX_0_D2 JF495430 Uncultured alpha proteobacterium clone ARTE9_122, GU230259  99% Alpha 

0   PEX_0_D3 JF495431 Uncultured bacterium clone 1C227083, EU799479 99% Gamma 

0   PEX_0_D4 JF495432 Uncultured SAR86 cluster gamma proteobacterium, AM748220 98% Gamma 

0   PEX_0_D6 JF495433 Uncultured Flavobacteria bacterium clone Vis_St18_56, FN433307 98% Flavobacteria 

0   PEX_0_E1 JF495434 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224 99% Alpha 

0   PEX_0_E2 JF495435 Uncultured bacterium clone SHWH_night1_16S_615, FJ744855 99% Verrucomicrobia 

0   PEX_0_E3 JF495436 Uncultured bacterium clone 6C233066, EU805081 99% Alpha 

0   PEX_0_E4 JF495437 Uncultured bacterium clone SHWH_night1_16S_615, FJ744855 99% Verrucomicrobia 

0   PEX_0_E5 JF495438 Uncultured bacterium clone 2C229516, EU801161 100% Alpha 

0   PEX_0_E6 JF495439 Uncultured alpha proteobacterium clone SBET_5117, AJ630683 99% Alpha 



 

0   PEX_0_F1 JF495440 Uncultured alpha proteobacterium clone CB22G04, EF471521 99% Alpha 

0   PEX_0_F2 JF495441 Uncultured bacterium clone 2C228793, EU800633 99% Alpha 

0   PEX_0_F3 JF495442 Uncultured bacterium clone 1C227341, EU799706 99% Alpha 

0   PEX_0_F4 JF495443 Uncultured bacterium clone 2C228784, EU800625 99% Alpha 

0   PEX_0_F5 JF495444 Uncultured bacterium clone 1C226992, EU799401 99% Alpha 

0   PEX_0_F6 JF495445 Uncultured Flavobacteria bacterium clone Vis_St6_76, FN433392  99% Flavobacteria 

0   PEX_0_G1 JF495446 Uncultured bacterium clone 1C227645, EU799967 100% Alpha 

0   PEX_0_G2 JF495447 Uncultured bacterium clone 2C229516, EU801161 99% Alpha 

0   PEX_0_G4 JF495448 Uncultured bacterium clone 2C229516, EU801161 99% Alpha 

0   PEX_0_G5 JF495449 Uncultured bacterium clone 1C227330, EU799696  99% Alpha 

0   PEX_0_G6 JF495450 Uncultured bacterium clone 6C232008, EU804116  99% Alpha 

0   PEX_0_H1 JF495451 Uncultured bacterium clone 6C232783, EU804819 99% Alpha 

0   PEX_0_H2 JF495452 Uncultured Verrucomicrobiales bacterium clone PRTBB8531, HM798960 98% Verrucomicrobia 

0   PEX_0_H3 JF495453 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224 98% Alpha 

0   PEX_0_H4 JF495454 Uncultured bacterium clone 6C232848, EU804877 99% Alpha 

0   PEX_0_H5 JF495455 Uncultured bacterium clone 6C232741, EU804780 99% Alpha 

 

Sampling day P enrichment Clone Accession No. Closest relative in GeneBank, Accession No. Similarity (%)  Taxon 

6 + PEX_6+P_A1 JF508974 Uncultured bacterium clone 1C227224, EU799606 99% Alpha 
6 + PEX_6+P_A2 JF508975 Uncultured SAR156 cluster gamma proteobacterium clone HF10_21H16, EU361709 98% Gamma 

6 + PEX_6+P_A3 JF508976 Uncultured bacterium clone 3C002406, EU801171  99% Gamma 

6 + PEX_6+P_A5 JF508977 Uncultured bacterium clone 1C227602, EU799928  99% Gamma 

6 + PEX_6+P_A6 JF508978 Uncultured gamma proteobacterium clone ARTE9_170, GU230329 98% Gamma 

6 + PEX_6+P_B1 JF508979 Uncultured Rhodobacteraceae bacterium clone DS023, DQ234107 99% Alpha 

6 + PEX_6+P_B4 JF508980 Uncultured Rhodobacteraceae bacterium clone DS023, DQ234107 99% Alpha 

6 + PEX_6+P_B5 JF508981 Uncultured alpha proteobacterium clone ARTE1_279, GU230200 99% Alpha 

6 + PEX_6+P_C1 JF508982 Uncultured alpha proteobacterium clone ARTE9_397,  GU230217 99% Alpha 

6 + PEX_6+P_C2 JF508983 Alteromonas sp. CF12-6, FJ170024 99% Gamma 

6 + PEX_6+P_C3 JF508984 Uncultured bacterium clone 6C233109, EU805121 99% Alpha 

6 + PEX_6+P_C4 JF508985 Uncultured alpha proteobacterium clone ARTE9_153, GU230240 99% Alpha 

6 + PEX_6+P_C5 JF508986 Uncultured bacterium clone ContigFRA_109_E04_2008_07_08_gamma, FN435248 99% Gamma 

6 + PEX_6+P_C6 JF508987 Uncultured Rhodobacteraceae bacterium clone DS022, DQ234106 97% Alpha 

6 + PEX_6+P_D1 JF508988 Uncultured bacterium clone 6C233066, EU805081  99% Alpha 

6 + PEX_6+P_D2 JF508989 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224  98% Alpha 

6 + PEX_6+P_D3 F508990 Uncultured bacterium clone 6C233066, EU805081  99% Alpha 

6 + PEX_6+P_D5 JF508991 Uncultured Flavobacteria bacterium 16S rRNA gene, clone Vis_St18_56, FN433307 98% Flavobacteria 

6 + PEX_6+P_D6 JF508992 Uncultured SAR86 cluster gamma proteobacterium clone ESP10-K9III-59, 

DQ810414 
98% Gamma 

6 + PEX_6+P_E1 JF508993 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224  99% Alpha 

6 + PEX_6+P_E2 JF508994 Uncultured SAR11 cluster alpha proteobacterium clone 79, AM748254 98% Alpha 

6 + PEX_6+P_E5 JF508995 Uncultured Verrucomicrobia bacterium clone ARTE9_126, GU230458  99% Verrucomicrobia 



 

6 + PEX_6+P_F1 JF508996 Uncultured Flavobacteria bacterium clone Vis_St18_56, FN433307  97% Flavobacteria 

6 + PEX_6+P_F2 JF508997 Uncultured bacterium clone 6C232183, EU804281 99% Alpha 

6 + PEX_6+P_F3 JF508998 Uncultured bacterium clone 6C232008, EU804116 99% Alpha 

6 + PEX_6+P_F4 JF508999 Uncultured bacterium clone 6C232832, EU804865 99% Alpha 

6 + PEX_6+P_F6 JF509000 Uncultured alpha proteobacterium clone ARTE9_156, GU230214 99% Alpha 

6 + PEX_6+P_G2 JF509001 Uncultured alpha proteobacterium clone ARTE1_214, GU230267 99% Alpha 

6 + PEX_6+P_G4 JF509002 Uncultured marine bacterium clone MOLA_JAN08-5m-192, GU204510  99% Unclassified 

Bacteria 6 + PEX_6+P_G5 JF509003 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224  98% Alpha 

6 + PEX_6+P_H1 JF509004 Uncultured Flavobacterium sp. clone ARTE1_211, GU230407 99% Flavobacteria 

6 + PEX_6+P_H2 JF509005 Uncultured SAR86 cluster gamma proteobacterium clone ESP10-K9III-59, 

DQ810414 
99% Gamma 

6 + PEX_6+P_H3 JF509006 Uncultured bacterium clone 6C233288, EU805288 99% Flavobacteria 

6 + PEX_6+P_H4 JF509007 Uncultured alpha proteobacterium clone ARTE4_196, GU230248 99% Alpha 

6 + PEX_6+P_H5 JF509008 Uncultured bacterium clone 6C232895, EU804919 99% Alpha 

6 + PEX_6+P_H6 JF509009 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224  98% Alpha 

6 - PEX_6-P_A1 JF509010 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 98% Gamma 

6 - PEX_6-P_A2 JF509011 Uncultured bacterium clone 6C232098, EU804201   99% Alpha 

6 - PEX_6-P_A3 JF509012 Uncultured bacterium clone 6C233239, EU805242 99% Alpha 

6 - PEX_6-P_A4 JF509013 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 98% Gamma 

6 - PEX_6-P_A5 JF509014 Unidentified alpha proteobacterium OM25, U70678 99% Alpha 

6 - PEX_6-P_A6 JF509015 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224 99% Alpha 

6 - PEX_6-P_B1 JF509016 Uncultured bacterium clone 1C227710, EU800023 99% Alpha 

6 - PEX_6-P_B2 JF509017 Uncultured gamma proteobacterium clone ARTE9_400, GU230303 98% Gamma 

6 - PEX_6-P_B3 JF509018 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 98% Gamma 

6 - PEX_6-P_B4 JF509019 Uncultured gamma proteobacterium clone ARTE1_277, GU230308  99% Gamma 

6 - PEX_T6_B5 JF509020 Uncultured marine bacterium clone NB180505_94, EU543497 99% Beta 

6 - PEX_6-P_B6 JF509021 Uncultured bacterium clone A712011, AY907765 98% Unclassified 

Bacteria 6 - PEX_6-P_C2 JF509022 Uncultured bacterium clone 2C229516, EU801161 99% Alpha 

6 - PEX_6-P_C3 JF509023 Uncultured alpha proteobacterium clone ARTE9_153, GU230240 99% Alpha 

6 - PEX_6-P_C4 JF509024 Uncultured bacterium clone 6C232741, EU804780  99% Alpha 

6 - PEX_6-P_C5 JF509025 Uncultured bacterium clone 6C232952, EU804972 99% Alpha 

6 - PEX_6-P_C6 JF509026 Uncultured bacterium clone 2C228318, EU800278 99% Alpha 

6 - PEX_6-P_D1 JF509027 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224  97% Alpha 

6 - PEX_6-P_D2 JF509028 Uncultured gamma proteobacterium Arctic97C-5, AF354614 98% Gamma 

6 - PEX_6-P_D3 JF509029 Uncultured bacterium clone 6C232830, EU804863 99% Alpha 

6 - PEX_6-P_D4 JF509030 Uncultured bacterium clone 1C227710, EU800023 99% Alpha 

6 - PEX_6-P_D5 JF509031 Uncultured Alteromonas sp. clone DOM02, HQ012269 99% Gamma 

6 - PEX_6-P_D6 JF509032 Uncultured alpha proteobacterium EB000_37G09, GU474933 99% Alpha 

6 - PEX_6-P_E1 JF509033 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 98% Gamma 

6 - PEX_6-P_E2 JF509034 Uncultured bacterium clone 6C232996, EU805015    99% Alpha 

6 - PEX_6-P_E4 JF509035 Uncultured bacterium clone 6C233101, EU805114   99% Gamma 

6 - PEX_6-P_E5 JF509036 Uncultured alpha proteobacterium clone ARTE9_413, GU230220  99% Alpha 



 

6 - PEX_6-P_E6 JF509037 Uncultured bacterium clone 2C228741, EU800591   99% Alpha 

6 - PEX_6-P_F1 JF509038 Unidentified alpha proteobacterium OM25, U70678 99% Alpha 

6 - PEX_6-P_F2 JF509039 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224 98% Alpha 

6 - PEX_6-P_F3 JF509040 Uncultured bacterium clone 6C232262, EU804356 99% Alpha 

6 - PEX_6-P_F5 JF509041 Uncultured Verrucomicrobiales bacterium clone HF500_18J03, EU361338 95% Verrucomicrobia 

6 - PEX_6-P_F6 JF509042 Uncultured bacterium clone 3C002406, EU801171  99% Gamma 

 

Sampling day P enrichment Clone Accession No. Closest relative in GeneBank, Accession No. Similarity (%)  Taxon 

8 + PEX_8+P_A2 JF915067 Uncultured bacterium clone 1C227655, EU799976 99% Alpha 
8 + PEX_8+P_A3 JF915068 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 99% Gamma 

8 + PEX_8+P_A4 JF915069 Uncultured alpha proteobacterium clone ARTE9_397,  GU230217 99% Alpha 

8 + PEX_8+P_A5 JF915070 Uncultured bacterium clone 2C229516, EU801161 99% Alpha 

8 + PEX_8+P_A6 JF915071 Uncultured bacterium clone 2C229516, EU801161 99% Alpha 

8 + PEX_8+P_A7 JF915072 Uncultured bacterium clone S25_450, EF574106 99% Cyano  

8 + PEX_8+P_B1 JF915073 Uncultured bacterium clone 1C227655, EU799976 99% Alpha 

8 + PEX_8+P_B2 JF915074 Uncultured bacterium clone CEP-DCM-32, GU061823 99% Gamma 

8 + PEX_8+P_B4 JF915075 Uncultured gamma proteobacterium clone ARTE1_263, GU230319 99% Gamma 

8 + PEX_8+P_B5 JF915076 Uncultured bacterium clone CE1-DCM-34, GU061427 99% Alpha 

8 + PEX_8+P_B6 JF915077 Uncultured alpha proteobacterium clone ARTE9_397,  GU230217 99% Alpha 

8 + PEX_8+P_B7 JF915078 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224 99% Alpha 

8 + PEX_8+P_B8 JF915079 Uncultured alpha proteobacterium clone ARTE9_397,  GU230217 99% Alpha 

8 + PEX_8+P_C2 JF915080 Uncultured bacterium clone 1C227655, EU799976 99% Alpha 

8 + PEX_8+P_C3 JF915081 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 99% Gamma 

8 + PEX_8+P_C4 JF915082 Uncultured bacterium clone CEP-DCM-32, GU061823 99% Gamma 

8 + PEX_8+P_C5 JF915083 Uncultured bacterium clone CE1-DCM-34, GU061427 99% Alpha 

8 + PEX_8+P_C7 JF915084 Uncultured marine bacterium clone SPOTSDEC01_5m39, DQ009196 99% Unclassified 

Bacteria 8 + PEX_8+P_C8 JF915085 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 99% Gamma 

8 + PEX_8+P_D1 JF915086 Uncultured bacterium clone S25_401, EF574057 100% Cyano 

8 + PEX_8+P_D2 JF915087 Uncultured SAR11 cluster alpha proteobacterium, AM748224 99% Alpha 

8 + PEX_8+P_D3 JF915088 Uncultured SAR86 cluster gamma proteobacterium partial clone 45, AM748220 99% Gamma 

8 + PEX_8+P_D4 JF915089 Uncultured bacterium clone 2C228151, EU800158 99% Alpha 

8 + PEX_8+P_D5 JF915090 Uncultured alpha proteobacterium clone ARTE9_397,  GU230217 99% Alpha 

8 + PEX_8+P_D6 JF915091 Uncultured bacterium clone 1C226619, EU799063 100% Gamma 

8 + PEX_8+P_D7 JF915092 Uncultured bacterium clone 1C226829,  EU799251 99% Gamma 

8 + PEX_8+P_D8 JF915093 Uncultured bacterium clone 1C227762, EU800066 99% Alpha 

8 + PEX_8+P_E1 JF915094 Uncultured bacterium clone S25_401, EF574057 100% Cyano 

8 + PEX_8+P_E2 JF915095 Uncultured bacterium clone S25_401, EF574057 99% Cyano 

8 + PEX_8+P_E3 JF915096 Uncultured SAR11 cluster alpha proteobacterium,  AM748224 99% Alpha 

8 + PEX_8+P_E6 JF915097 Uncultured Flavobacteria bacterium Vis_St18_44, FN433426 99% Flavobacteria 

8 + PEX_8+P_E7 JF915098 Uncultured bacterium clone 1C226829,  EU799251 99% Gamma 



 

8 + PEX_8+P_E8 JF915099 Uncultured bacterium clone S23_1316,  EF573217 99% Alpha 

8 + PEX_8+P_F3 JF915100 Uncultured bacterium clone 1C227067,  EU799464 99% Gamma 

8 + PEX_8+P_F4 JF915101 Uncultured alpha proteobacterium clone ARTE9_153, GU230240 99% Alpha 

8 + PEX_8+P_F5 JF915102 Uncultured bacterium clone 3C002406, EU801171  99% Gamma 

8 + PEX_8+P_F6 JF915103 Synechococcus sp. WH8102, BX569694 99% Cyano 

8 + PEX_8+P_F7 JF915104 Uncultured bacterium clone 3C003362, EU801978 99% Alpha 

8 + PEX_8+P_F8 JF915105 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 99% Gamma 

8 + PEX_8+P_F9 JF915106 Uncultured bacterium clone CE2-DCM-102, GU061622 99% Gamma 

8 + PEX_8+P_G1 JF915107 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 99% Gamma 

8 + PEX_8+P_G2 JF915108 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 99% Gamma 

8 + PEX_8+P_G4 JF915109 Uncultured bacterium clone 3C002406, EU801171  99% Gamma 

8 + PEX_8+P_G5 JF915110 Uncultured bacterium clone 1C227661, EU799981 99% Alpha 

8 + PEX_8+P_G6 JF915111 Uncultured bacterium clone 3C002406, EU801171 99% Gamma 

8 + PEX_8+P_G7 JF915112 Uncultured gamma proteobacterium clone ARTE1_245, GU230295 99% Gamma 

8 + PEX_8+P_G8 JF915113 Uncultured bacterium clone EthaneSIP11-4-28, GU584544 99% Alpha 

8 + PEX_8+P_G9 JF915114 Uncultured bacterium clone 1C226958, EU799371 99% Gamma 

8 + PEX_8+P_H2 JF915115 Uncultured bacterium clone CEP-DCM-32, GU061823 100% Gamma 

8 + PEX_8+P_H3 JF915116 Uncultured bacterium clone CEP-DCM-32, GU061823 100% Gamma 

8 + PEX_8+P_H4 JF915117 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 99% Gamma 

8 + PEX_8+P_H5 JF915118 Uncultured gamma proteobacterium clone ARTE1_251, GU230297 99% Gamma 

8 + PEX_8+P_H7 JF915119 Uncultured bacterium clone 1C226958,  EU799371 99% Gamma 

8 + PEX_8+P_H9 JF915120 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 99% Gamma 

8 - PEX_8-P_A1 JF915121 Uncultured bacterium clone SHFH767,  FJ203661 99% Alpha 

8 - PEX_8-P_A2 JF915122 Uncultured gamma proteobacterium clone PEACE2006/192_P2, EU394558 99% Gamma 

8 - PEX_8-P_A3 JF915123 Uncultured Synechococcus sp. isolate SRODG010, FM995188  99% Cyano 

8 - PEX_8-P_B1 JF915124 Uncultured bacterium clone S-DCM-92, GU062009 99% Cyano 

8 - PEX_8-P_B2 JF915125 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224 99% Alpha 

8 - PEX_8-P_B3 JF915126 Uncultured bacterium clone CEP-DCM-32, GU061823 99% Gamma 

8 - PEX_8-P_B4 JF915127 Uncultured bacterium clone 1C227645, EU799967 99% Alpha 

8 - PEX_8-P_B5 JF915128 Uncultured alpha proteobacterium clone ARTE1_231, GU230187 99% Alpha 

8 - PEX_8-P_C1 JF915129 Uncultured bacterium clone 2C229084, EU800854 99% Alpha 

8 - PEX_8-P_C2 JF915130 Uncultured bacterium clone 3C003362, EU801978 99% Alpha 

8 - PEX_8-P_C4 JF915131 Uncultured alpha proteobacterium clone PEACE2006/114_P2, EU394547 99% Alpha 

8 - PEX_8-P_C5 JF915132 Uncultured bacterium clone 6C233109,  EU805121 99% Alpha 

8 - PEX_8-P_D2 JF915133 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 99% Gamma 

8 - PEX_8-P_D3 JF915134 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224 98% Alpha 

8 - PEX_8-P_D4 JF915135 Uncultured bacterium clone 3C003055, EU801696 99% Unclassified 

Bacteria 8 - PEX_8-P_D5 JF915136 Uncultured bacterium clone 1C227645, EU799967 99% Alpha 

8 - PEX_8-P_E1 JF915137 Uncultured bacterium clone 4C229549, EU802248 99% Alpha 

8 - PEX_8-P_E2 JF915138 Uncultured gamma proteobacterium clone PEACE2006/192_P2, EU394558 99% Gamma 

8 - PEX_8-P_E3 JF915139 Uncultured bacterium clone 1C227618, EU799942 99% Gamma 



 

8 - PEX_8-P_E5 JF915140 Uncultured bacterium clone 4C230142, EU802767 99% Gamma 

8 - PEX_8-P_F2 JF915141 Uncultured bacterium clone D13W_196, HM057780 99% Unclassified 

Bacteria 8 - PEX_8-P_F3 JF915142 Uncultured bacterium clone 1C227739, EU800050 100% Alpha 

8 - PEX_8-P_F4 JF915143 Uncultured bacterium clone RS.Muc.140, DQ117370 99% Cyano 

8 - PEX_8-P_G1 JF915144 Uncultured bacterium clone PoSur24, HM023315 99% Gamma 

8 - PEX_8-P_G2 JF915145 Uncultured bacterium clone 4C230617, EU803180 99% Alpha 

8 - PEX_8-P_G3 JF915146 Uncultured bacterium clone S23_454, EF572355 99% Alpha 

8 - PEX_8-P_H4 JF915147 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 99% Gamma 

 

Sampling day P enrichment Clone Accession No. Closest relative in GeneBank, Accession No. Similarity (%)  Taxon 

13 + PEX_13+P_A9 JF914991 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224 99% Alpha 
13 + PEX_13+P_A10 JF914992 Uncultured bacterium clone MoSur49, HM023580 93% Planctomycetes 

13 + PEX_13+P_A11 JF914993   90%   

13 + PEX_13+P_A12 JF914994 Uncultured bacterium clone SHFG484, FJ203089 99% Alpha 

13 + PEX_13+P_B9 JF914995 Uncultured marine bacterium clone LibK_E09, FR686282 100% Alpha 

13 + PEX_13+P_B10 JF914996 Uncultured bacterium clone 5S13, JF272182 99% Alpha 

13 + PEX_13+P_B11 JF914997 Uncultured bacterium clone SHFG484, FJ203089 99% Alpha 

13 + PEX_13+P_C9 JF914998 Uncultured bacterium clone 1C226619, EU799063 100% Gamma 

13 + PEX_13+P_C10 JF914999 Uncultured Dokdonia sp. clone Vis_St18_38, FN433306 99% Flavobacteria 

13 + PEX_13+P_C12 JF915000 Marine bacterium ATAM407_56, AF359535 99% Alpha 

13 + PEX_13+P_D9 JF915001 Uncultured bacterium clone 1C227655, EU799976 99% Alpha 

13 + PEX_13+P_D10 JF915002 Uncultured bacterium clone SHFG486, FJ203090 100% Alpha 

13 + PEX_13+P_D11 JF915003 Uncultured bacterium clone SHFH767,  FJ203661 100% Alpha 

13 + PEX_13+P_D12 JF915004 Uncultured bacterium clone SHFG484, FJ203089 99% Alpha 

13 + PEX_13+P_E9 JF915005 Uncultured bacterium clone S23_629, EF572530 99% Alpha 

13 + PEX_13+P_E10 JF915006 Uncultured bacterium clone SHFG484, FJ203089 99% Alpha 

13 + PEX_13+P_E11 JF915007 Uncultured bacterium clone S1-2,  FJ545435 99% Alpha 

13 + PEX_13+P_E12 JF915008 Uncultured bacterium clone 1C227769, EU800071 99% Flavobacteria 

13 + PEX_13+P_F10 JF915009 Uncultured bacterium clone 1C227523, EU799860 100% Gamma 

13 + PEX_13+P_F11 JF915010 Uncultured bacterium clone SHFH767,  FJ203661 100% Alpha 

13 + PEX_13+P_F12 JF915011 Uncultured bacterium clone SHFG484, FJ203089 99% Alpha 

13 + PEX_13+P_G10 JF915012 Uncultured bacterium clone CE2-DCM-102, GU061622 99% Gamma 

13 + PEX_13+P_G11 JF915013 Uncultured bacterium clone 8S11, JF272070 99% Unclassified 

Bacteria 13 + PEX_13+P_G12 JF915014 Unidentified eukaryote clone OM20 from Cape Hatteras picoplankton,  U32670 99% Cyano  

13 + PEX_13+P_H10 JF915015 Uncultured bacterium clone 1C226958, EU799371 99% Gamma 

13 + PEX_13+P_H11 JF915016 Uncultured bacterium clone S1-2,  FJ545435 99% Alpha 

13 - PEX_13-P_A6 JF915017 Uncultured bacterium clone CE2-DCM-46, GU061640 100% Cyano  

13 - PEX_13-P_A7 JF915018 Uncultured bacterium clone 6C232893, EU804917 99% Alpha 

13 - PEX_13-P_A8 JF915019 Uncultured bacterium clone BS094, GU145479 95% Gamma 

13 - PEX_13-P_A9 JF915020 Uncultured bacterium clone 2C228151, EU800158 99% Alpha 



 

13 - PEX_13-P_A10 JF915021 Uncultured gamma proteobacterium clone d131, GQ850579 96% Gamma 

13 - PEX_13-P_A11 JF915022 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224 99% Alpha 

13 - PEX_13-P_A12 JF915023 Uncultured planctomycete clone SHAB461, GQ348574 95% Planctomycetes 

13 - PEX_13-P_B6 JF915024 Uncultured gamma proteobacterium clone A13W_148, HM057634 99% Gamma 

13 - PEX_13-P_B7 JF915025 Uncultured bacterium clone CEP-DCM-32, GU061823 99% Gamma 

13 - PEX_13-P_B8 JF915026 Uncultured bacterium clone AP, FJ155010 99% Gamma 

13 - PEX_13-P_B9 JF915027 Uncultured bacterium clone 6C233278, EU805278 99% Alpha 

13 - PEX_13-P_B10 JF915028 Uncultured bacterium clone 6C233293,  EU805293 99% Gamma 

13 - PEX_13-P_B11 JF915029 Synechococcus sp. CCMP839, AY946244 99% Cyano  

13 - PEX_13-P_B12 JF915030 Rubritalea tangerina, AB297806 97% Verrucomicrobia 

13 - PEX_13-P_C6 JF915031 Uncultured alpha proteobacterium HF0010_30A23, GU474853 99% Alpha 

13 - PEX_13-P_C7 JF915032 Uncultured bacterium clone CE2-DCM-46, GU061640 100% Cyano  

13 - PEX_13-P_C8 JF915033 Uncultured bacterium clone 6C233101, EU805114   100% Gamma 

13 - PEX_13-P_C9 JF915034 Uncultured bacterium clone 6C233186, EU805192 100% Alpha 

13 - PEX_13-P_C10 JF915035 Uncultured bacterium clone CE2-DCM-102, GU061622 99% Gamma 

13 - PEX_13-P_C11 JF915036 Uncultured bacterium clone 1C227149, EU799538 100% Sphingobacteria 

13 - PEX_13-P_C12 JF915037 Uncultured Bacteroidetes bacterium clone CM01188X1G01, GU170787 99% Unclassified 

Bacteria 13 - PEX_13-P_D6 JF915038 Synechococcus sp. CCMP839, AY946244 99% Cyano  

13 - PEX_13-P_D7 JF915039 Synechococcus sp. WH 8018, AF311292 99% Cyano  

13 - PEX_13-P_D8 JF915040 Uncultured bacterium clone 2C228306, EU800266 99% Alpha 

13 - PEX_13-P_D9 JF915041 Uncultured bacterium clone 3C003672, EU802234 99% Alpha 

13 - PEX_13-P_D10 JF915042 Uncultured gamma proteobacterium clone d131, GQ850579 97% Gamma 

13 - PEX_13-P_D11 JF915043 Uncultured bacterium clone F9P262000_S_J10, HQ674488 99% Cyano  

13 - PEX_13-P_D12 JF915044 Synechococcus sp. RS9905 16S, AY172815 99% Cyano  

13 - PEX_13-P_E6 JF915045 Uncultured bacterium clone 6C232183, EU804281 99% Alpha 

13 - PEX_13-P_E7 JF915046 Uncultured bacterium clone 3C002406,  EU801171 99% Gamma 

13 - PEX_13-P_E9 JF915047 Uncultured bacterium clone 1C227762, EU800066 99% Alpha 

13 - PEX_13-P_E10 JF915048 Uncultured bacterium clone CEP-DCM-32, GU061823 99% Gamma 

13 - PEX_13-P_E12 JF915049 Uncultured alpha proteobacterium clone ARTE9_153, GU230240 99% Alpha 

13 - PEX_13-P_F5 JF915050 Uncultured bacterium clone F9P41300_C02, HQ673362 99% Cyano  

13 - PEX_13-P_F6 JF915051 Uncultured gamma proteobacterium clone A13W_148, HM057634 99% Gamma 

13 - PEX_13-P_F7 JF915052 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 99% Gamma 

13 - PEX_13-P_F8 JF915053 Uncultured bacterium clone S23_629, EF572530 99% Alpha 

13 - PEX_13-P_F11 JF915054 Uncultured bacterium clone CEP-DCM-32, GU061823 100% Gamma 

13 - PEX_13-P_F12 JF915055 Uncultured SAR86 cluster gamma proteobacterium clone 45, AM748220 99% Gamma 

13 - PEX_13-P_G5 JF915056 Uncultured gamma proteobacterium clone ARTE9_170, GU230329 99% Gamma 

13 - PEX_13-P_G6 JF915057 Uncultured SAR11 cluster alpha proteobacterium clone 79, AM748254 99% Alpha 

13 - PEX_13-P_G7 JF915058 Uncultured bacterium clone 1C227467, EU799812 99% Alpha 

13 - PEX_13-P_G8 JF915059 Uncultured bacterium clone 3C003362, EU801978 99% Alpha 

13 - PEX_13-P_G9 JF915060 Uncultured SAR11 cluster alpha proteobacterium clone 49, AM748224 98% Alpha 

13 - PEX_13-P_G10 JF915061 Uncultured bacterium clone 6C233288, EU805288 98% Flavobacteria 

http://rdp.cme.msu.edu/hierarchy/hierarchy_browser.jsp?qvector=65535&depth=0&openNode=0&currentRoot=0&searchStr=ACC:EU805288


 

13 - PEX_13-P_H7 JF915062 Uncultured bacterium clone F9P4500_S_G12, HQ672349 97% Alpha 

13 - PEX_13-P_H8 JF915063 Uncultured bacterium clone 1C226591,  EU799038 99% Alpha 

13 - PEX_13-P_H9 JF915064 Uncultured bacterium clone 4C230350, EU802951 99% Alpha 

13 - PEX_13-P_H11 JF915065 Synechococcus sp. RS9905, AY172815 99% Cyano  

13 - PEX_13-P_H12 JF915066 Uncultured bacterium clone F9P41300_C02, HQ673362 100% Cyano  

 

  



 

Appendix C 

 

Table C1: 16S rRNA sequences of bacterial isolates from Aurelia sp., P. noctiluca, R. pulmo and control bottle isolated at different 

time point throughout the jellyfish-enrichment experiment in the Gulf of Trieste in spring 2009. In the table there is a name and an 

accession number of the closest relative in GeneBank (NCBI) with % of similarity, family, taxon and isolation source. 

 

  

Bottle Isolate Closest relative in GeneBank, Accession No. Similarity (%) Family Taxon Isolation source 

Control 

T0_C00_2 Idiomarina loihiensis strain MAH1, FM179981 99% Idiomarinaceae Gamma Sea water 
T0_C01_1 Vibrio splendidus strain Mj82, GQ455013 99% Vibrionaceae Gamma Spider crab 

T0_C02_1 Vibrio splendidus strain Mj33, GQ455009 100% Vibrionaceae Gamma Spider crab 

T0_C02_2 Zunongwangia profunda SM-A87, CP001650 99% Flavobacteriaceae Flavobacteria Sea sediment 

T0_C03_2 Vibrio tasmaniensis strain Mj217, GQ454976 100% Vibrionaceae Gamma Spider crab 

T0_C04_1 Pseudoalteromonas marina strain DHY3, GU198498 100% Pseudoalteromonadaceae Gamma Sea water 

T0_C05 Pseudoalteromonas marina strain S411, FJ457131 100% Pseudoalteromonadaceae Gamma Sea water 

Aurelia sp. 

A5_A02 Vibrio tasmaniensis strain Mj28, GQ455006  99% Vibrionaceae Gamma Spider crab 
A5_A03 Vibrio sp. Da4, AF242272 99% Vibrionaceae Gamma Sea urchin  

A5_A04 Vibrio sp. W-10, DQ923444  99% Vibrionaceae Gamma Sea water 

A5_A05 Vibrio splendidus isolate PB1-10rrnM, EU091337 99% Vibrionaceae Gamma Atlantic halibut fry 

A5_A06 Vibrio splendidus strain Mj33, GQ455009  99% Vibrionaceae Gamma Spider crab 

P. 

noctiluca 

P5_P00_1 Psychrobacter nivimaris strain KOPRI24925, EF101544 100% Moraxellaceae Gamma Marine algae 
P5_P02 Vibrio sp. B69, FN295820 99% Vibrionaceae Gamma Bryozoa 

P5_P03 Vibrio tasmaniensis strain Mj28, GQ455006  99% Vibrionaceae Gamma Spider crab 

P5_P04 Vibrio sp. 300108-15, EU862329 99% Vibrionaceae Gamma Fish 

P5_P05 Vibrio splendidus isolate PB1-10rrnG, EU091331 99% Vibrionaceae Gamma Atlantic halibut fry 

R. 

pulmo 

R4_R02 Vibrio splendidus isolate PB1-10rrnA, EU091325 99% Vibrionaceae Gamma Atlantic halibut fry 
R4_R03 Psychrobacter sp. 4Dc, HM771256 100% Moraxellaceae Gamma Sea water 

R4_R04 Pseudoalteromonas sp. B199b, FN295769 100% Pseudoalteromonadaceae Gamma Bryozoa 

R4_R05 Pseudoalteromonas sp. KOPRI 25444, GU062514 99% Pseudoalteromonadaceae Gamma Unknown 



 

Table C2: Bacterial clones from T0, A9, P9 and R6 from 16S rRNA gene clone libraries from jellyfish-enrichment experiment in 

2009 in the Gulf of Trieste with their code. In the table there is a name and an accession number of the closest relative in GeneBank 

with (NCBI) % of similarity, family, taxon and isolation source. 

Sample Clone Closest relative in GeneBank, Accession No. Similarity (%) Family Taxon Isolation source 

A9 

A9_A8 Vibrio sp. Da4, AF242272 99% Vibrionaceae Gamma Sea urchin  
A9_B6 Vibrio tasmaniensis strain Mj28, GQ455006 99% Vibrionaceae Gamma Spider crab 

A9_C1 Flavobacteriaceae bacterium G121102s2_3, AY353820 98% Flavobacteriaceae Flavobacteria Diatom detritus  

A9_D1 Vibrio splendidus isolate PB1-10rrnJ, EU091334 99% Vibrionaceae Gamma Atlantic halibut fry 

P9 

P9_A1 Shewanella kaireitica c931, AB094598 98% Shewanellaceae Gamma Sea sediment 
P9_A5 Pseudoalteromonas sp. 520P1, AB196167 99% Pseudoalteromonadaceae Gamma Sea water 

P9_A7 Lacinutrix sp. MEBiC01653, EU581705 98% Flavobacteriaceae Flavobacteria Sea sediment/ water 

P9_A8 Shewanella fidelia strain KMM3589, AF420313 99% Shewanellaceae Gamma Sea sediment 

P9_A10 Vibrio splendidus isolate PB1-10rrnE, EU091329 99% Vibrionaceae Gamma Atlantic halibut fry 

P9_B1 Pseudoalteromonas sp. 520P1, AB196167 100% Pseudoalteromonadaceae Gamma Sea water 

P9_B3 Bizionia sp. NF1-21, FJ889663 98% Flavobacteriaceae Flavobacteria Sea sediment 

P9_B10 Pseudoalteromonas sp. BSs20130, EU365507 98% Pseudoalteromonadaceae Gamma Sea sediment 

P9_B11 Pseudoalteromonas sp. 520P1, AB196167 97% Pseudoalteromonadaceae Gamma Sea sediment 

P9_C1 Bizionia sp. NF1-21, FJ889663 98% Flavobacteriaceae Flavobacteria Sea sediment 

P9_C3 Shewanella sp. B246, FN295778 99% Shewanellaceae Gamma Bryozoa 

P9_C5 Bizionia sp. NF1-21, FJ889663 98% Flavobacteriaceae Flavobacteria Sea sediment 

P9_C8 Pseudoalteromonas sp. BSw20106, EU365604 98% Pseudoalteromonadaceae Gamma Sea water 

P9_D2 Pseudoalteromonas denitrificans strain MAR_121_B08_2010-01-20, HM003113  97% Pseudoalteromonadaceae Gamma Sea water 

P9_D10 Shewanella fidelia strain KMM3589, AF420313 99% Shewanellaceae Gamma Sea sediment 

P9_D11 Uncultured gamma proteobacterium clone PM1-19, EF215793 99% Oceanospirillaceae  Gamma Artifical surface in sea water 

P9_D12 Bizionia sp. NF1-21, FJ889663 98% Flavobacteriaceae Flavobacteria Sea sediment 

R6 

R6_E1 Pseudoalteromonas sp. B199b, FN295769 99% Pseudoalteromonadaceae Gamma Bryozoa 
R6_E7 Pseudoalteromonas sp. 12, DQ642815 99% Pseudoalteromonadaceae Gamma Laminaria japonica 

R6_F3 Vibrio sp. LE003.01, HM012751  99% Vibrionaceae Gamma Lobster hatchery 

R6_F5 Uncultured Vibrionaceae bacterium clone MS-C128, FJ949311 99% Vibrionaceae Gamma Calcareous sandy sediment 

R6_F10 Pseudoalteromonas sp. SM0524, EU548075 99% Pseudoalteromonadaceae Gamma Decaying brown alge 

R6_G1 Pseudoalteromonas sp. BSw20040, EU365563 100% Pseudoalteromonadaceae Gamma Sea water 

R6_G3 Pseudoalteromonas sp. 520P1, AB196167                 100% Pseudoalteromonadaceae Gamma Unknown 

R6_G7 Vibrio sp. VH1, EU031647 98% Vibrionaceae Gamma Ventromma halecioides 

R6_G12 Pseudoalteromonas sp. K5B-2, FJ889591 99% Pseudoalteromonadaceae Gamma Sea water 

R6_H2 Vibrio splendidus isolate PB1-10rrnD, EU091328 99% Vibrionaceae Gamma Atlantic halibut fry 

R6_H10 Pseudoalteromonas sp. BCw097, FJ889597 100% Pseudoalteromonadaceae Gamma Sea water 

  



 

Sample Clone Closest relative in GeneBank, Accession No. Similarity (%) Family Taxon Isolation source 

T0 

T0_A8 Uncultured bacterium clone 3C003027, EU801675 100% SAR11 Alpha Sea water 
T0_B3 Uncultured bacterium clone 6C232734, EU804774 99% SAR11 Alpha Sea water 

T0_B5 Uncultured alpha proteobacterium clone ARTE4_216, GU230208 100% SAR11 Alpha Sea water 

T0_B7 Uncultured Flavobacterium sp. TAI-2-81, AM259825 99% Flavobacteriaceae Flavobacteria Sea water 

T0_B8 Uncultured bacterium clone 3C003637, EU802209 100% SAR11 Alpha Sea water 

T0_B9 Uncultured alpha proteobacterium clone SHAG416, GQ348854 99% SAR11 Alpha Sea water 

T0_B11 Uncultured bacterium clone 3C003027, EU801675 100% SAR11 Alpha Sea water 

T0_C4 Uncultured bacterium clone 2C228151, EU800158  99% SAR11 Alpha Sea water 

T0_C5 Uncultured bacterium clone 1C226591, EU799038  99% Rhodospirillaceae Alpha Sea water 

T0_C6 Uncultured alpha proteobacterium clone D13W_181, HM057775 99% SAR11 Alpha Sea water 

T0_C12 Uncultured bacterium clone 2C228148, EU800155 100% SAR11 Alpha Sea water 

T0_D1 Uncultured alpha proteobacterium clone SHAZ544, GQ349958 99% SAR11 Alpha Sea water 

T0_D2 Uncultured bacterium clone F9P1210_S_C08, HQ671782 99% 

 

Cyanobacteria Sea water 

T0_D4 Uncultured bacterium clone 1C226874, EU799293 99% 

 

Gamma Sea water 

T0_D8 Uncultured alpha proteobacterium clone A13W_1, HM057605 99% SAR11 Alpha Sea water 

T0_D10 Uncultured gamma proteobacterium clone HNA_I_100608-65, HM037612 99% 

 

Gamma Sea water 

T0_E1 Uncultured alpha proteobacterium clone ARTE1_97, GU230205 99% SAR11 Alpha Sea water 

T0_E4 Uncultured bacterium clone 6C232832, EU804865 99% SAR11 Alpha Sea water 

T0_E5 Uncultured alpha proteobacterium clone ARTE9_401, GU230237 99% SAR11 Alpha Sea water 

T0_E8 Uncultured bacterium clone 2C229509, EU801156  99% Methylophilaceae Beta Sea water 

T0_E9 Uncultured bacterium clone 2C229516, EU801161 99% SAR11 Alpha Sea water 

T0_F5 Uncultured Flavobacterium sp. TAI-2-81, AM259825 99% Flavobacteriaceae Flavobacteria Sea water 

T0_F6 Uncultured alpha proteobacterium clone ARTE1_97, GU230205 99% SAR11 Alpha Spong 

T0_F7 Uncultured bacterium clone 3C003583, EU802165 99% SAR11 Alpha Sea water 

T0_F8 Uncultured alpha proteobacteria MB13F01, AY033325 99% 

 

Alpha Sea water 

T0_F9 Uncultured gamma proteobacterium clone SHAB429, GQ348549 99% 

 

Gamma Sea water 

T0_G3 Uncultured bacterium clone 2C228366, EU800317   98% SAR11 Alpha Sea water 

T0_G5 Uncultured alpha proteobacterium clone ARTE1_97, GU230205 99% SAR11 Alpha Sea water 

T0_G7 Uncultured bacterium clone 1C227739, EU800050 99% SAR11 Alpha Sea water 

T0_G8 Uncultured alpha proteobacterium clone ARTE9_397, GU230217 99% SAR11 Alpha Sea water 

T0_G10 Uncultured Flexibacter sp. clone TAU-7-69, AM259764 99% Cytophagaceae Flavobacteria Sea water 

T0_G11 Uncultured alpha proteobacterium clone ARTE1_97, GU230205 99% SAR11 Alpha Sea water 

T0_G12 Uncultured alpha proteobacterium clone D13W_181,  HM057775 99% SAR11 Alpha Sea water 

T0_H2 Uncultured Flavobacteria bacterium Vis_St6_1272, FN433347 98% Flavobacteriaceae Flavobacteria Sea water 

T0_H4 Uncultured alpha proteobacterium clone SGPW764, GQ346819 97% Rhodobacteraceae Alpha Sea water 

T0_H5 Uncultured bacterium clone 3C003637, EU802209 100% SAR11 Alpha Sea water 

T0_H8 Uncultured bacterium clone 3C003583, EU802165 99% SAR11 Alpha Sea water 

T0_H11 Uncultured alpha proteobacterium clone ARTE1_210, GU230266 99% SAR11 Alpha Sea water 

 


