
 

  



 

 

General introduction ................................................................................................................ 1 

1. Dark ocean ............................................................................................................................. 1 

1.1 Organic matter in the dark ocean ........................................................................................................ 1 

1.2 Prokaryotes ................................................................................................................................................ 3 

1.2.1 Prokaryotic abundance and biomass ...................................................................................... 3 

1.2.2 Prokaryotic activity and production ....................................................................................... 4 

1.3 Heterotrophic nanoflagellates .............................................................................................................. 4 

1.3.1 Abundance and biomass ............................................................................................................ 5 

2. Microbial food web ............................................................................................................... 5 

2.1 Phenotypic and physiological characteristics affecting bacteria predation vulnerability ... 6 

2.2 Impact of grazing on bacterial cell morphology............................................................................. 7 

2.3 Impact of protistan grazing on the diversity and taxonomic structure of bacterial 

communities............................................................................................................................................. 8 

2.4 Influence of the ecosystem trophy ...................................................................................................... 9 

2.5 Small HNF ............................................................................................................................................... 11 

2.6 The role of viruses ................................................................................................................................. 11 

3. Predation in surface and deep waters .................................................................................. 12 

4. Microbial biodiversity ......................................................................................................... 13 

4.1 Phylogenetic composition of bacterial communities .................................................................. 13 

4.2 Phylogenetic composition of archaeal communities ................................................................... 15 

References ................................................................................................................................ 16 

 

Purpose .................................................................................................................................... 23 

 

Heterotrophic nanoflagellate grazing on picoplankton in deep waters. ........................... 25 

Abstract ........................................................................................................................................... 25 

Introduction .................................................................................................................................... 26 

Materials and methods ................................................................................................................ 27 

Results ............................................................................................................................................. 30 

Discussion ...................................................................................................................................... 38 

Conclusions .................................................................................................................................... 41 

References ...................................................................................................................................... 42 

Supporting information .............................................................................................................. 45 

 



 

 

Effects of heterotrophic flagellate predation on bacterial community diversity .............. 47 

Abstract ........................................................................................................................................... 47 

Introduction .................................................................................................................................... 48 

Materials and methods ................................................................................................................ 50 

Results ............................................................................................................................................. 54 

Discussion ...................................................................................................................................... 63 

Conclusions .................................................................................................................................... 67 

References ...................................................................................................................................... 67 

 

HNF grazing impact on taxonomic composition of marine prokaryotic community ...... 71 

Abstract ........................................................................................................................................... 71 

Introduction .................................................................................................................................... 72 

Materials and methods ................................................................................................................ 74 

Results ............................................................................................................................................. 78 

Discussion ...................................................................................................................................... 87 

Conclusions .................................................................................................................................... 94 

References ...................................................................................................................................... 95 

Supplementary information ..................................................................................................... 101 

 

Environmental drivers structuring surface and deep bacterial communities in Adriatic 

and Ionian Seas ..................................................................................................................... 109 

Abstract ......................................................................................................................................... 109 

Introduction .................................................................................................................................. 110 

Materials and methods .............................................................................................................. 112 

Results ........................................................................................................................................... 116 

Discussion .................................................................................................................................... 120 

References .................................................................................................................................... 122 

 

Biodiversity changes of bacterial community under predation pressure analyzed by 16S 

rRNA pyrosequencing .......................................................................................................... 127 

Abstract ......................................................................................................................................... 127 

Introduction .................................................................................................................................. 128 

Experimental procedures .......................................................................................................... 129 

Results ........................................................................................................................................... 133 



 

 

Discussion .................................................................................................................................... 137 

Acknowledgments ...................................................................................................................... 142 

References .................................................................................................................................... 143 

Supplementary information ..................................................................................................... 147 

 

General conclusions .............................................................................................................. 153 

 

Scientific production and activities ..................................................................................... 157 

1. Publications .......................................................................................................................................... 157 

2. Meetings ............................................................................................................................................... 160 

3. Courses .................................................................................................................................................. 162 

4. Oceanographic cruises ...................................................................................................................... 163 

 

 

 



Summary 

i 

Summary 

Heterotrophic nanoflagellate (HNF) grazing is one of the major source of prokaryotic 

mortality in marine ecosystems, acting as a strong selection pressure on communities. 

Protozoans may thus affect prokaryotic abundance and alter the diversity and the taxonomic 

composition of the prey community, as individual prokaryotes can develop distinct grazing-

resistant mechanisms. Moreover, the microbial loop is well known to regulate carbon fluxes 

in surface marine environments but few studies have quantified the impact of HNF predation 

on prokaryotes in the dark ocean. The present work was aimed to: 

(1) quantify the impact of HNF predation on the deep prokaryotes biomass; 

(2) investigate if and how prey diversity varies in response to different predation pressure; 

(3) define taxonomic community composition in studied areas and identify most affected 

prokaryotic phylotypes by HNF grazing 

(4) evaluate the effects of small HNF (<3 µm), which are known to dominate nano-sized 

compartment and represent the main bacterivores in aquatic ecosystems, being an 

important link between bacteria and larger protists; 

(5) evidence differences in community sensitivity to grazing between surface and 

mesopelagic ecosystems  

(6) identify the main environmental drivers shaping microbial community diversity. 

Predation experiments were performed with surface and mesopelagic water samples collected 

from the Southern Adriatic and Northern Ionian basins. An additional predation experiment 

was set up in the North-eastern Adriatic Sea. We coupled the traditional ‘dilution method’ 

with high-throughput molecular analysis (ARISA and Ion Torrent/454 sequencing) to provide 

a quantitatively and qualitatively evaluation of the grazing process occurring in marine 

microbial communities. 

The present work is structured by four manuscripts in preparation and one manuscript already 

submitted. 

1. Heterotrophic nanoflagellate grazing on picoplankton in deep waters (manuscript in 

preparation) 

2. Effects of heterotrophic flagellate predation on bacterial community diversity 

(manuscript in preparation) 



Summary 

ii 

3. HNF grazing impact on taxonomic composition of marine prokaryotic community 

(manuscript in preparation) 

4. Environmental drivers structuring surface and deep bacterial communities in Adriatic 

and Ionian Seas (manuscript in preparation) 

5. Biodiversity changes of bacterial community under predation pressure analyzed by 

16S rRNA pyrosequencing (manuscript submitted) 

 

My PhD research led to important progresses in the comprehension of microbial dynamics 

regulating carbon cycles and bacterial diversity in the Adriatic and Ionian basins. 

Prokaryotic abundance and biomass were one order of magnitude higher in the photic than in 

the aphotic layers of Southern Adriatic and Ionian Seas (surface biomass 1.68 ± 1.76 µC L-1, 

deep biomass 9.00 ± 2.11 µC L-1). The Northern Adriatic community presented the highest 

biomass value (57.46 µC L-1), according to its richer trophic status. 

All in situ communities displayed the same evenness, being dominated by rare phylotypes. 

Rare taxa were confirmed to represent the major contributors of microbial communities, with 

only a few phylotypes dominant. Mesopelagic bacterial communities were as rich and 

variable as surface assemblages, despite the significant biomass decrease along the water 

column. Natural archaeal assemblages were characterized by very low richness as we 

recovered only two genera (Cenarchaeum and Nitrosopumilus), while in situ bacterial 

communities were composed by the six major marine phyla (Proteobacteria, Cyanobacteria, 

Bacteroidetes, Actinobacteria, Firmicutes and Deinococcus-Thermus), whose contribution 

varied according to sampling depth. 

Flagellates were demonstrated to efficiently control their preys (ingestion rates: 7.86-22.26 µg 

C L-1 in surface experiments, 0.53-10.61 µg C L-1 in deep experiments), causing important 

losses in the potentially produced prokaryotic biomass. Despite picoplankton and HNF 

abundance reduction with depth contrasts with the hypothesis that at least 108 picoplanktonic 

cells L-1 are necessary to sustain HNF community, our data confirm that also in mesopelagic 

waters prey and predator concentrations are sufficient to sustain efficient microbial food 

webs. HNF grazing modified bacterial community diversity in both surface and deep marine 

systems but with different strength. Mesopelagic communities were more sensitive to grazing 

impact, evidencing a bell-shaped response to the increasing ingestion rates. Moderate-high 

top-down control preserved or enhanced bacterial diversity, that fell at low predation. In 

upper communities grazing did not induce wide variations of bacterial richness and evenness, 
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revealing to be more stable. Small HNF (<3 µm) were the dominant size fraction within 

flagellate communities and likely constituted the main bacterivores. After the removal of 

large HNF, a higher fraction of prokaryotic phylotypes was affected. Larger protists partially 

reduced small flagellate impact on their preys. Larger HNF had a more important role in 

photic systems compared to mesopelagic waters. The fraction of bacterial taxa favored or 

affected by predation when small HNF were the only predators more markedly varied in 

surface experiments, while few phylotypes changes their behavior between the two size 

treatments in deep experiments. Some taxa were consumed mainly by larger HNF (3-10 µm), 

while others were grazed by smaller ones (<3 µm). 

Over 50% of the predated phylotypes belonged to the rare biosphere, mainly in the surface 

experiments. Rare bacteria are thus not only a dormant ‘seed bank’ but constitute a 

fundamental component of microbial food webs and actively vector the carbon transfer 

toward higher trophic levels, being as important as dominant organisms.  

Although general patterns applicable to all communities were not found, trends of selectivity 

over different phylotypes were highlighted within sampling layer along the water column and 

between different systems. While the majority of predator-prey interactions were 

characteristic to specific environments, some can be considered common to different systems 

(e.g. Burkholderiaceae and Pseudomonadaceae were exclusively selected in all mesopelagic 

sites, Bacterivoracaceae were subjected to small HNF predation independently from sampling 

site or depth).  

The Southern Adriatic and Ionian basins were significantly distinguished by both the 

physicochemical water characteristics and the prokaryotes and protists abundance 

distributions. Cluster analysis based on Jaccard and Bray-Curtis metrics evidenced that depth 

and geographical location of sampling sites influenced bacterial community similarity. The 

Southern Adriatic Sea was clearly distinguished from the Ionian Sea. The Northern Adriatic 

samples were always separated from the others, coherently with different biotic and abiotic 

characteristics of the sub-basin. Additionally, temperature, chl a and O2 concentration 

represented important environmental drivers shaping biodiversity of bacterial communities 

that inhabit Adriatic and Ionian basins. 

In conclusion, we evidenced that heterotrophic flagellates control bacterial biomass and select 

certain taxa among all possible preys, grazing also on the rare ones. HNF predation thus 

shapes bacterial community structures, which in turn influence the ecosystem functioning. 



Summary 

iv 

Despite the cell abundance decrease of both predators and preys reduces encounter 

probabilities, the dark ocean hosts complex microbial food webs, structured around three 

trophic levels (i.e. prokaryotes, small and large heterotrophic flagellates). 
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Riassunto 

I nanoflagellati eterotrofi (HNF) costituiscono una delle principali cause di mortalità dei 

procarioti in ambiente marino, esercitando una forte selezione sulle comunità predate. 

Possono modificarne l’abbondanza cellulare e alterarne la diversità e la composizione 

tassonomica, in quanto le diverse specie procariotiche possono sviluppare distintivi 

meccanismi di resistenza alla predazione. Mentre l’impatto degli HNF sui procarioti degli 

acque marine superficiali è ben noto, pochi studi si sono focalizzati sullo studio degli 

ambienti profondi. 

 

Il presenta lavoro di dottorato è stato finalizzato a: 

(7) quantificare l’impatto della predazione da parte degli HNF sulla biomassa procariotica 

profonda; 

(8) capire se e come la biodiversità della comunità predata vari in risposta alla diversa 

pressione di predazione; 

(9) definire la composizione tassonomica delle comunità presenti nell’area di studio e 

identificare i filotipi maggiormente colpiti dalla predazione da parte degli HNF; 

(10) valutare il contributo dei piccolo flagellati (<3 µm), i quali costituiscono la più 

abbondante frazione nanoplanctonica e rappresentano i principali organismi batterivori 

negli ambienti acquatici; 

(11) evidenziare possibili differenze nella risposta alla predazione tra comunità 

procariotiche che vivono in acque superficiali e profonde; 

(12) identificare i principali fattori ambientali che modulano la diversità delle comunità 

microbiche. 

Esperimenti di predazione sono stati condotti su campioni di acqua superficiale e 

mesopelagica raccolti nel Mar Adriatico meridionale e nel Mar Ionio settentrionale. Un 

ulteriore esperimento è stato condotto nel Mar Adriatico nord-orientale. Il tradizionale metodo 

delle diluizioni è stato abbinato ad analisi molecolari quali elettroforesi capillare (ARISA) e 

sequenziamento (Ion Torrent e 454) per consentire una valutazione quali-quantitativa degli 

effetti della predazione sulle comunità microbiche marine. 

La presente tesi è costituita da quattro articoli in preparazione e un articolo già sottomesso: 

6. Heterotrophic nanoflagellate grazing on picoplankton in deep waters (articolo in 

preparazione) 
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7. Effects of heterotrophic flagellate predation on bacterial community diversity (articolo 

in preparazione) 

8. HNF grazing impact on taxonomic composition of marine prokaryotic community 

(articolo in preparazione) 

9. Environmental drivers structuring surface and deep bacterial communities in Adriatic 

and Ionian Seas (articolo in preparazione) 

10. Biodiversity changes of bacterial community under predation pressure analyzed by 

16S rRNA pyrosequencing (articolo sottomesso) 

 

La ricerca condotta durante il mio dottorato ha portato a interessanti progressi nella 

comprensione delle dinamiche microbiche che regolano i cicli del carbonio e la diversità 

batterica nei bacini adriatico e ionico.  

L’abbondanza e la biomassa delle comunità procariotiche superficiali è risultata un ordine di 

grandezza superiore rispetto alle comunità profonde in Mar Adriatico meridionale e Mar Ionio 

(biomassa superficiale 9.00 ± 2.11 µC L-1, biomassa profonda 1.68 ± 1.76 µC L-1). La 

comunità descritta nel Mar Adriatico settentrionale è caratterizzata dai valori più elevati di 

biomassa (57.46 µC L-1), coerentemente con l’eutrofia del bacino. I flagellati eterotrofi hanno 

causando perdite significative nella biomassa procariotica in tutti gli esperimenti condotti, con 

tassi di ingestione pari a 7.86-22.26 µgC L-1 negli esperimenti superficiali e 0.53-10.61 µgC 

L-1 negli esperimenti profondi. Un’abbondanza picoplanctonica di 108 cellule L-1 è stata 

ipotizzata come necessaria per sostenere la comunità degli flagellati. Nonostante l’aumento 

della profondità comporti una riduzione dell’abbondanza del picoplancton tale da non 

raggiungere questa soglia, i nostri dati confermano che anche negli ambienti profondi si 

instaurano interazione preda-predatore sufficienti a sostenere le reti trofiche microbiche. 

Tutte le comunità in situ hanno mostrato la medesima distribuzione, con prevalenza di filotipi 

rari e pochi gruppi dominanti. Le comunità mesopelagiche presentano diversità e variabilità 

analoghe a quelle superficiali, nonostante il decremento in biomassa lungo la colonna 

d’acqua. Una bassa diversità è stata osservata nelle comunità naturali di Archea, dove sono 

stati rilevati due soli generi (Cenarchaeum e Nitrosopumilus), mentre le comunità batteriche 

sono composte dai sei principali phyla marini (Proteobacteria, Cyanobacteria, Bacteroidetes, 

Actinobacteria, Firmicutes e Deinococcus-Thermus), la cui frequenza varia in base alla 

profondità di campionamento. 
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La predazione esercitata dagli HNF ha modificato la diversità delle comunità sia superficiali 

che profonde ma con diversi effetti. Le comunità profonde si sono dimostrate più suscettibili 

alla diversa intensità della predazione. Un controllo top-down medio-alto ha preservato o 

incrementato la diversità batterica, che invece è risultata fortemente ridotta con bassa 

pressione di predazione. Al contrario, le comunità superficiali hanno subito solo leggere 

variazioni nella biodiversità batterica in risposta ai diversi tassi di ingestione, dimostrandosi 

più stabili. I piccoli flagellati (<3 µm) costituiscono la frazione dominante delle comunità 

nanoplanctoniche. In seguito alla rimozione dei predatori >3 µm, variazione significative 

dell’abbondanza sono state riscontrate in una maggiore percentuale di filotipi procariotici. 

Flagellati di maggiori dimensioni possono quindi mitigare l’impatto dei piccoli predatori sulle 

prede, con una maggior influenza nei sistemi fotici. Alcuni taxa batterici sono stati consumati 

prevalentemente dal grandi HNF (3-10 µm), mentre altri sono stati selezionati dai piccoli 

flagellati (<3 µm). Oltre il 50% dei filotipi predati apparteneva alla biosfera rara, soprattutto 

negli esperimenti condotti in superficie. I batteri rari (0.1-1% dell’abbondanza totale) non 

rappresentano quindi una frazione ‘dormiente’ il cui contributo varia in seguito a cambiamenti 

delle condizioni ambientali, come inizialmente ipotizzato. Costituiscono invece una 

componente fondamentale delle reti trofiche microbiche e contribuiscono attivamente al 

trasferimento di carbonio verso i livelli trofici superiori, così come gli organismi dominanti. 

Nonostante ciascuna comunità risponda in maniera distintiva alla predazione, in funzione 

della composizione tassonomica delle comunità stesse e dello stato trofico del sistema, alcuni 

indizi di selettività sono stati individuati. Alcune interazioni preda-predatore si sono rivelate 

tipiche delle comunità profonde o superficiali, mentre altre erano comuni ad entrambi i 

sistemi (es. Burkholderiaceae e Pseudomonadaceae sono stati selezionati sono in ambiente 

pelagico, Bacterivoracaceae sono stati sottoposti a predazione da parte di piccolo flagellati in 

tutti gli esperimenti, indipendentemente dalla profondità e dal sito di campionamento).  

I bacini Adriatico meridionale e Ionio settentrionale sono significativamente distinti sia per le 

caratteristiche chimico-fisiche della colonna d’acqua, sia per l’abbondanza di pico- e 

nanoplancton. La cluster analisi basata sugli indici di Jaccard e Bray-Curtis ha evidenziato 

che profondità di campionamento e localizzazione geografica sono i principali fattori che 

determinano la similarità tra le comunità batteriche. Il Mar Adriatico settentrionale è risultato 

sempre separato dagli altri campioni, coerentemente con le diverse caratteristiche biotiche e 

abiotiche del bacino. Oltre a profondità e sito geografico, temperatura, concentrazione di chl a 

e ossigeno contribuiscono a determinare la biodiversità batterica adriatica e ionica.  
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In conclusione, il presente lavoro ha evidenziato come i flagellati eterotrofi controllino la 

biomassa procariotica e mostrino preferenza per determinati taxa, selezionando anche quelli 

rari. La predazione influenza la struttura delle comunità e di conseguenza il funzionamento 

degli ecosistemi. Anche gli ambienti marini profondi ospitano complesse reti trofiche, 

strutturate attorno a tre livelli principali (procarioti, piccoli e grandi flagellati eterotrofi) così 

come le acque superficiali. 
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General introduction 

 

1. The dark ocean 

The dark ocean is the largest habitat in the biosphere, comprising 1.3×1018 m3. Deep waters 

are most often oligotrophic, there is no sufficient light to support photosynthesis, pressure 

increases and temperature decreases very rapidly to reach average values around 2°C in the 

open ocean. Physical conditions of the deep environment are more stable than those in surface 

oceans, while concentration and composition of organic constituents display relatively high 

variability. It is subdivided into tree different zones, the mesopelagic (from 200- to 1000-m 

depth), the bathypelagic (1000–4000-m depth) and abyssal layers (>4000 m).  

Despite emerging evidence pointing at the dark ocean as a site with an important role in ocean 

biogeochemistry and as an untapped reservoir of high genetic and metabolic microbial 

diversity, this realm has been much less studied than surface waters because of the difficulties 

in sampling and time and expenses involved. 

 

1.1 Organic matter in the dark ocean 

Traditionally, the deep waters have been considered to be a homogeneous environment with 

rather constant organic matter concentrations and low temperature. However, recent research 

suggests that the dark ocean is more heterogeneous than commonly assumed (Herndl et al., 

2008). It represents the largest reservoir of ‘active’ organic carbon in the biosphere (Arístegui 

et al., 2009), which derives from biological processes occurring in the overlying layers as 

microalgal essudation in the photic layers (Williams, 1990), loss of cellular matter during 

grazing processes (‘sloppy feeding’) (Eppley et al., 1981), natural cell lyses or due to viral 

infection (Fuhrman and Noble, 1995). Before reaching the deep sea, most of the bioavailable 

organic matter is mineralized in the surface ocean. A variable fraction is exported to the dark 

ocean via a suite of processes as vertical flux of settling particles, active transport by 

migrating plankton and transport derived from water-mass sinking (Figure 1) and is subjected 

to substantial transformation along the water column (Steinberg et al., 2008; Robinson et al., 

2010). Most of the exported carbon is then respired in the upper mesopelagic waters by 

prokaryotes (Arístegui et al., 2009). Respired organic matter is sequestered as CO2
 for months 
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to years in the mesopelagic zone or centuries in bathypelagic realm until the overturning 

circulation returns this carbon to the upper ocean, allowing exchange with the atmosphere. 

Bendtsen et al. (2002) estimated that the biodegradable part of the Dissolved Organic Carbon 

(DOC) pool in the dark ocean accounts for 2–15% of the total DOC in the water column, with 

the highest fraction in the subpolar regions and in areas with a high export production. About 

90% of the Particulate Organic Carbon (POC) that sinks below the surface layer does not 

reach depth below 1000-m, being respired in the mesopelagic zone (Arístegui et al. 2009). 

Both microbes and zooplankton are known to contribute to particle transformation, thereby 

determining the magnitude of POC export. POC is solubilized by extracellular enzymes 

produced by particle-associated prokaryotes and released as DOC subsequently utilized by 

free-living prokaryotes to support their production in deep waters (Arístegui et al., 2009; 

Nagata et al., 2010). 

 

 

 

 

 

Figure 1 – Organic matter transport along pelagic water 

column. Passive sedimentation, vertical mixing and active 

transport via zooplankton are responsible for the flux of carbon 

from the photic layer to the dark ocean (see text for details). (DOC: 

dissolved organic matter, POC: particulate organic matter) (from 

Arístegui et al., 2009). 

 

 

The comparison between prokaryotic carbon demand and the amount of available POC in the 

deep sea has highlighted an organic carbon deficit. Prokaryotic carbon demand is up to 1-3 

order of magnitude higher than POC in the subtropical North Atlantic and in the North 

Atlantic basin (Reinthaler et al., 2006; Baltar et al., 2009). Thus, deep pelagic environments 

can not rely only on the POC exported from surface that appears to be insufficient to support 

the carbon requirements of prokaryotes (Tanaka, 2009). These evidences suggest the presence 

of additional mechanisms for supplying organic carbon to the mesopelagic layer, such as the 
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lateral and vertical transport of DOC and diel vertical migration of zooplankton feeding in the 

surface waters.  

 

1.2 Prokaryotes 

Prokaryotes represent an important component of the marine plankton, comprising up to 70% 

and 75% of the total biomass in surface and deep waters (Arístegui et al., 2009; Agoguè et al., 

2011) and are the main drivers of global biogeochemistry (Friedline et al., 2012). 

Heterotrophic bacterial community is the most important biological compartment involved in 

the transformation and mineralization of the organic matter in aquatic systems (Christaki et 

al., 2001) while the photosynthetic prokaryotes in the euphotic zone, mostly represented by 

Synechococcus and Prochlorococcus, contributes to 50% of oceanic primary production 

(Azam et al., 1983).  

For a long time, the dark ocean was considered to be a site of negligible biological activity 

and largely confined to intestinal tracts of animals. Reports of relatively intense microbial 

activity in the dark ocean and the identification of mesopelagic prokaryotes as a major 

metabolic component of the ocean suggest that the bathypelagic ocean is a heterogeneous 

habitat with distinctive communities of remarkably diverse microbes interacting dynamically 

with Particulate Organic Matter (POM) and Dissolved Organic Matter (DOM) (Nagata et al., 

2000; Karner et al., 2001; DeLong et al., 2006; Hewson et al., 2006a; Kirchman et al., 2007; 

Baltar et al., 2009). These organisms display unique metabolic capabilities and molecular 

architectures that allow them to live under cold and high-pressure conditions (Lauro and 

Bartlett, 2008). 

 

1.2.1 Prokaryotic abundance and biomass 

The deep ocean is believed to contain 3.6×1029 microbial cells corresponding to a total of 

3×1017 g C and accounting for 55% of all the prokaryotes found in aquatic habitats (Whitman 

et al., 1998). Prokaryotic abundance and biomass declines exponentially from surface waters 

to the deep layers by about 2 and 3 orders of magnitude, varying in the range of 107-108 cells 

L-1 (Koppelmann et al., 2005; Reinthaler et al., 2006; Herndl et al., 2008; Arístegui et al., 

2009). Bacteria dominate the prokaryotic population in the upper layer, representing up to 

90% of all cells (Karner et al., 2001; Church et al., 2003), decreasing in relative abundance 
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with increasing depth. As an average, at mesopelagic depths prokaryotic abundance is 25% of 

the mean prokaryotic abundance in the epipelagic and 7% in the bathypelagic layer. On the 

contrary, Archaea contribution increases, accounting for 10–70% of total prokaryotes in the 

deep ocean (Karner et al., 2001; Herndl et al., 2005; Teira et al., 2006).  

 

1.2.2 Prokaryotic activity and production 

Heterotrophic Prokaryotic Production (HPP) exhibits a steep exponential decline with depth. 

On average, HPP  amounts to ~18% and 2% of the epipelagic production in the meso- and 

bathypelagic waters, respectively (Arístegui et al., 2009). HPP in the deep sea is highly 

variable indicating large variation in resource supplies to prokaryotic communities. Several 

studies have tried to highlight the relationship between meso- and bathypelagic prokaryotic 

activity and the POC export, with contradictory conclusions. No final correlation has been 

described between HPP and organic matter, although production in the bathypelagic and 

mesopelagic zones seems to be coupled with sinking fluxes of POC and, thus, with surface 

primary production (Nagata et al., 2000; Simon et al., 2004).  

Deep-water heterotrophic prokaryotes exhibit substantial lower growth efficiencies than their 

epipelagic counterparts, probably because of low organic matter supply combined with the 

lower reactivity of deep-water DOM and POM (Reinthaler et al., 2006). Substrate in the dark 

ocean is generally considered energetically less favorable for growth and consequently deep-

water prokaryotes have to invest relatively more energy to support growth than surface water 

prokaryotic communities.  

 

1.3 Heterotrophic nanoflagellates 

Conventionally, the nanoflagellates are all those organisms with a size of 2–20 µm (Sieburth 

et al., 1978) and are well recognized as fundamental components in aquatic environments. 

Phototrophic unicellular eukaryotes can contribute to a significant fraction of primary 

production, whereas phagotrophic protists, especially Heterotrophic nanoflagellates (HNF), 

regulate the abundance, activity and composition of prokaryotic communities (Jürgens and 

Matz, 2002; Pernthaler, 2005; Montagnes et al., 2008). Additionally, they act as important 

agents in nutrient remineralization and, as preys, serve as a fundamental link to higher trophic 

levels (Zöllner et al., 2009). 
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1.3.1 Abundance and biomass 

As for prokaryotes, HNF abundance decreases with depth as in meso- and bathypelagic zones 

cell abundance is generally in the order of 103-105 cells L-1 but could reach lower values 

(Tanaka, 2009; Nagata et al., 2010). Deep-ocean HNF are smaller than surface ones in the 

subarctic Pacific, with a mean biovolume of 10.5 µm3 in the epipelagic realm, compared to 

7.11 and 6.57 µm3 in the meso- and bathypelagic layers, respectively (Fukuda et al., 2007). In 

the Mediterranean Sea, however, the biovolume of HNF does not change significantly with 

depth (Tanaka and Rassoulzadegan, 2002). 

 

2. Microbial food web 

The significance of the ‘microbial loop’ concept for the pelagic carbon flows was formalized 

by Azam et al. (1983). The concept refers to interactions among microbiological organisms 

(Bacteria, Archaea, viruses and protozoan grazers) and describes the path of organic matter 

flowing into the food web via prokaryotes. Bacteria and Archaea form the basis of the 

microbial aquatic food webs, utilizing not only DOM but also POM to produce new living 

biomass. They constitute a key source of preys for HNF and, to lesser extent, small ciliates, 

which, in turn serve as preys for larger organisms (e.g. microzooplankton). As prokaryotes are 

grazed by protists, nutrients and energy are accessible to metazoans and reach higher trophic 

levels via the connection between the microbial loop and the classical grazing food web. 

Predation by protists is one of the main prokaryote mortality factor in aquatic systems and it 

regulates both the standing stock (abundance and biomass) and the structure (species 

composition) of prey communities (Hahn and Hölfe, 2001; Pernthaler, 2005), acting as a 

strong selection pressure and thus theoretically influencing the overall role of prokaryotes 

within the nutrient cycles. The underlying mechanisms in predator–prey interaction might 

explain many of the observed phenotypic properties as well as the taxonomic composition of 

prokaryotic assemblages. Grazing on prokaryotes is in turn influenced by many features 

affecting prokaryotic vulnerability to protistan feeding such as size of cells, motility, 

physiological status and differences in the sensitivity and defence mechanisms of prokaryotic 

species to grazing (Jürgens and Matz, 2002; Jürgens and Massana, 2008). In the following 

paragraphs, HNF feeding ecology, preys and environmental characteristics influencing 

grazing selectivity and modifications occurring in prokaryotic communities subjected to 

protist predators are described. 
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2.1 Phenotypic and physiological characteristics affecting bacteria predation 

vulnerability 

Encounter kinetic between bacteria and protozoa often exhibits typical predator-prey 

interactions: contact, prey capture and phagocytosis, ending with inclusion of cell into food 

vacuole where ingestion initiates (Boenigk and Arndt, 2002). Bacterial adaptations can thus 

act either before ingestion (extracellular) or afterwards inside the food vacuole (intracellular) 

(Figure 2) (Matz and Kjelleberg, 2005).  

Grazing by bacterivorous protists is first of all size-selective and each HNF species has a 

characteristic size-dependent feeding efficiency curve with different minimum, optimum, and 

maximum ingestible particle sizes (Jürgens and Matz, 2002). Most protists graze 

preferentially on medium-sized bacterial cells while on smaller and larger bacterial cells 

predation is less efficient (Hahn and Hölfe, 2001). Preys exceeding the upper and the lower 

species-specific uptake size limit of the predator are protected from grazing. Bacterial size is 

related to cell activity as during cell division prokaryotes increase their size (Jürgens and 

Massana, 2008). The actively growing cells are highly susceptible to grazing and therefore 

preferentially eliminated confirming that the size-selective grazing has great effects on the 

activity and production of bacterial assemblages.  

Besides size and activity, a range of properties may influence the encounter rate between 

bacteria and protists. Bacterial motility represents a common feature in marine 

bacterioplankton providing a mechanism to escape from predators (Grossart et al., 2001). 

Moreover, physicochemical surface characteristics of prokaryotes mediate interactions with 

grazers and have been proposed as factors influencing prey uptake by protists as chemical 

coating of prey particles has a strong influence on the ingestion efficiency of nanoflagellates 

(Matz et al., 2002) and there are evidences for biochemical prey recognition (e.g., by 

glycoproteins or lectins) (Sakaguchi et al., 2001; Wootton et al., 2007). A bacterial cell 

captured by a flagellate can still potentially escape. Even during the process of food vacuole 

formation, oversized bacteria might be rejected and highly motile cells may escape from the 

phagocytosis process. Some components in the outer surface structure probably trigger the 

active rejection of the captured bacteria that are already inside food vacuoles (Boenigk et al., 

2001). Certain cell wall structures might also be resistant to the digestive enzymes within 

protist food vacuoles (Jürgens and Matz, 2002). Finally, some bacterial strains produce 

chemical feeding deterrents, highly toxic compounds or inhibitory substances (e.g. the 
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pigment violacein) that result in immediate death of the predator when these compounds are 

released into the food vacuoles (Matz et al., 2004). 

 

Figure 2 - Schematic overview of prokaryotic adaptations against nanoflagellate grazing. Bacteria 

can develop defensive strategies providing protection from predation, increasing or reducing cell size, 

enhancing cell motility or chemically avoiding capture and ingestion (from Jürgens and Massana, 2008). 

 

It is fundamental to remember that bacterial resistance mechanisms are not efficient against all 

types of predators. There are probably always protist taxa that are able to cope with bacterial 

defenses (Wu et al., 2004). 

 

2.2 Impact of grazing on bacterial cell morphology 

In the absence of grazers, bacterial communities lack of larger (grazing-resistant) 

morphotypes and are dominated by edible medium-size range cells, which have competitive 

advantages (Hahn and Hölfe, 2001). In condition of high protistan grazing pressure medium-

size cells should have higher grazing losses. Grazing activity thus induces bi-directionally 

shifts in the morphological structure of the bacterial community distribution, towards both 

inedible or less vulnerable size classes such as large ‘grazing-resistant’ forms and smaller 

single-celled bacteria (Hahn and Hölfe, 2001). Filamentous and other complex morphologies 

(e.g. spiral-shaped and star-like cells or bacterial flocs and aggregates) are considered as the 

most abundant grazing-resistant morphotypes in productive environments and provide 

efficient protection against protistan grazing as cells become too large to be handled by 

protists (Jürgens and Massana, 2008). Small single-celled bacteria experience a lower grazing 

mortality thanks to their small size and are usually considered successful in oligotrophic 
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systems because they are well adaptable to shortage in nutrients (Jürgens and Matz, 2002). 

Corno et al. (2008) quantified that under high protistan grazing pressure, filaments accounted 

for about 15% of total abundance (65% in biovolume), while aggregates and small cells 

reached more than 65% in terms of abundance (25-30% in biovolume). 

These predation-resistant morphologies are only temporary refuges, as aggregates may be 

colonized by HNF adapted to graze on attached bacteria, and larger bacterial morphologies 

are consumed by larger protozoan and metazoan grazers (Jürgens and Massana, 2008). 

Moreover, HNF species have a characteristic size-dependent feeding efficiency, but for some 

flagellates no lower particle-size threshold seems to exist (Jürgens and Matz, 2002). 

 

2.3 Impact of protistan grazing on the diversity and taxonomic structure of 

bacterial communities 

The protist grazing effects on bacterial fitness cause a strong selection on prey diversity. Top-

down factors have an impact not only on phenotypic characteristics of bacterial communities 

but also on their relative diversity and taxonomic structure (Hahn and Hölfe, 2001; Corno et 

al., 2008). 

Predation could have strong positive or negative effects on community diversity. Predation 

can decrease prey diversity if some species are disproportionally vulnerable or, on the 

contrary, it can promote diversity if preys differ in their grazing resistance and competitive 

abilities (Hiltunen et al., 2012). In a microcosm experiment Corno et al. (2008) observed a 

constant reduction of the community diversity in predator-free environment while under high 

protistan grazing pressure bacterial diversity was preserved. They suggested that the absence 

of predation likely promoted higher competition for the resources among different bacterial 

strains. The interactions supporting the diversity in the microbial systems were cut down and 

the microbial community was simplified, leading to a constant reduction of the community's 

relative diversity. The low number of interactions supported a limited number of ecological 

niches, likely occupied by a few, very specialized organisms (probably bacteria active in 

substrate uptake). The maintenance of bacterial diversity under high grazing pressure is 

partially in contrast to the model presented by Thingstad (2000) where viruses are the main 

responsible for the depletion of the largest and most rapidly growing bacterial populations in 

mixed assemblages (‘killing the winner’ strategy), thus supporting the diversity of the 

bacterial community, while protistan predation can act on less abundant bacteria. 
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Deep shifts in the Bacterial Community Composition (BCC) can be promoted by raising the 

protistan predation as grazing pressure by protozoans can select certain bacterioplankton taxa 

(Pernthaler et al., 2001; Šimek et al., 2001). Bacteria possess diverse mechanisms to contrast 

grazing losses by phagotrophic protists (paragraph 2.1) and these properties are not equally 

distributed among the different phylogenetic lineages (Jürgens and Massana, 2008). 

Moreover, phagotrophic protists are known to be very selective consumers, recognizing 

various traits of their potential preys (Jürgens and Matz, 2002). Changes in predation pressure 

generally reflect in changes of BCC. The presence of grazers influences the relative 

contribution of bacterial phylotypes to the whole community since different phylotypes 

respond to predation pressure in different ways (Hahn and Hölfe, 2001; Corno et al., 2008; 

Berdjeb et al., 2011). Some phylotypes are likely to be resistant to grazing and do not display 

variation in the presence of predators. Others are probably more susceptible to grazing, 

decreasing in relative abundance compared to in the natural control. Phylotypes can also 

benefit from the presence of predators (e.g. via the production of DOM via sloppy feeding 

phenomenon or by the removal of competitors), increasing their frequency. Inputs of 

substrates from grazing may decrease the competition pressure within bacterial community, 

thereby increasing the competitiveness of the minor phylotypes (Hahn and Hölfe, 2001). 

Bacterial community at the end of the experiment can be very different from the community 

at the beginning. 

 

2.4 Influence of the ecosystem trophy 

Several environmental parameters might influence the physiological responses of individual 

bacterial populations and thus of the whole communities to protistan grazing. Resource 

availability is one of the main factors that can modulate the effect of predation on prey 

community (Hall et al., 2008).  

Up to now, there is no universally accepted theory on how organic substrate supply and 

inorganic nutrients (bottom-up control) and predation by bacterivores (top-down control) 

interact and shift over time regulating bacterial abundance, biomass and diversity in pelagic 

systems (Bouvy et al., 2004; Pernthaler, 2005). There is a tendency for stronger bottom-up 

control in coastal and estuarine systems where grazing losses are often significantly lower 

than bacterial production, whereas open-ocean are regulated by top-down control and grazing 

losses are generally higher than bacterial production rates (Gasol et al., 2002). Experimental 
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studies on artificial systems (Jürgens et al. 1999; Corno et al., 2008) have concluded that the 

impact of protistan grazing on bacterial communities is greater in nutrient-limited systems. In 

nutrient-rich systems bacteria can develop at extremely high growth rates and the growth of 

large forms of resistant bacteria can completely compensate the losses in bacterial biomass 

due to grazing mortality, establishing large populations even under high predation pressure 

(Posch et al., 1999; Šimek et al., 2003; Corno and Jürgens, 2006). Interactions between 

grazing pressure and availability of nutrients are not only regulated by the stimulation of 

bacterial growth (in abundance and biomass) but also by the presence of larger community of 

top predators that control the abundance of small bacterivorous protists releasing the bacterial 

community from predation control (Pernthaler, 2005; Corno and Jürgens, 2006). Other 

authors reached the opposite conclusion that oligotrophic systems (e.g. open oceans) are more 

bottom-up controlled (Sanders et al., 1992) than waters richer in nutrients. Bacterial 

communities of oligotrophic systems are less sensitive to protistan grazing because of the 

stronger bottom-up control of these communities (Hahn and Hölfe, 2001).  

The environment trophic status influences the capability of bacteria to contrast grazing. 

Availability of resources and predation are the main important factors affecting the fitness of 

organisms. As growth-related traits (competition for nutrients) and defense-related traits are 

costly, a trade-off is necessary. Besides genetic factors, the quality of the environment 

determines the magnitude of this compromise as resource availability can determine 

allocation between the different traits (Friman et al., 2008). Traits related to competition in 

nutrient uptake are more important for prey fitness when resources are scarce, whereas 

grazing resistance has higher significant roles when resources are abundant. In this latter case, 

prey should be able to invest in both defensive and competitive traits simultaneously, because 

the excess of the resources reduce the fitness cost of the defense. Contrarily, the competitive 

ability of the prey should decrease in low-resource environments where the cost of defense is 

remarkable (Hahn and Hölfe, 2001). The development of grazing-resistant forms and the 

abundance of predation-resistant bacteria correlates with productivity gradients (Corno and 

Jürgens, 2008). Costly prey defense should thus evolve at different degrees between low- and 

high-resource environments and productivity drives the ecological dynamics of predator-prey 

interactions. Evolution of prey defense is stronger in high-resource environments where 

bacterial communities more efficiently contrast protist predation. 
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2.5 Small HNF 

Nanoflagellates in the 2–3 µm size class represent the first level of bacterivores in aquatic 

ecosystems and dominate HNF communities in terms of abundance in many marine 

environments, accounting up to 70-96% of the whole assemblages (Strom, 2000; Unrein et 

al., 2007; Vaqué et al., 2008). Tsai et al. (2011) quantified that small grazers were the major 

consumers of bacteria, removing 60-860×103 cells L–1 h–1. Among the bacterivorous HNF 

community, individual feeding efficiency of 2–3 µm HNF is considerably lower, with lower 

maximum ingestion rates (<1.5 bacteria HNF–1 h–1) than the larger HNF. However, as their 

abundance is usually greater than other HNF, they represent the major contributors of grazing 

pressure on bacteria. Larger HNF exert less important feeding impacts on bacteria because of 

their generally low abundance. Small flagellates also represent a key link between bacteria 

and larger protists, transferring organic carbon to upper trophic levels (Jürgens and Massana, 

2008; Massana, 2011). An enhanced grazing pressure on picoplankton occurs by removing 

grazers > 10 µm and >3 µm (Urein et al., 2007) confirming that the small HNF are the first 

consumers of picoplankton and are in turn preyed by larger nano- and microzooplankton 

(Reckermann and Veldhuis, 1997). The top-down control by larger grazers on small ones 

indicates the presence of a three-level trophic cascade (picoplankton - 2–5 µm ‘small’ HNF - 

5–20 µm ‘larger’ flagellates and ciliates) within the microbial food web (Vaqué et al., 2008). 

Grazing by larger nanoflagellates on the smaller HNF size fractions could complicate the 

interpretation of microbial food webs, limiting their impact on the bacterial standing stock. 

 

2.6 The role of viruses  

Not only protistan bacterivory, but also viral lysis is known to be an important cause of 

bacterial mortality in aquatic systems, strongly affecting bacterial community structure. 

Viruses can act on bacterial structure releasing cell debris during lysis activity. The pool of 

DOM and POM and inorganic nutrients is thus enriched and consequently bacterial growth 

and production are enhanced (Weinbauer, 2004). 

Whether cells are grazed or lysed can have different ecological and biogeochemical 

consequences (Wilhelm and Suttle, 1999; Brussaard et al., 2008). High rates of viral cell lysis 

represent a short circuit within microbial loop (‘viral shunt’), moving biomass away from 

grazing food web through the release of DOM and the acceleration of recycling of nutrients at 

the base of the food web. Less carbon may therefore reach higher trophic levels. In contrast, if 
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bacteria are grazed by flagellates, energy is retained within the microbial loop and is then 

transferred to the classical food chain. Thus, viruses can significantly influence the production 

of dissolved organic carbon and the recycling of nutrients (Fuhrman, 1999) and modify not 

only bacterial diversity (Weinbauer and Rassoulzadegan, 2004) but also the relationship 

between diversity and ecosystem functioning (Bonilla-Findji et al., 2009). 

 

3. Predation in surface and deep waters 

Despite the majority of knowledge about microbial food web interactions is based on surface 

waters, it is clear that HNF represent important predators of prokaryotes also at greater depth. 

In the sunlit surface ocean, the microbial food web consists of 4 main functional groups of 

organisms (e.g. photoautotrophic phytoplankton, heterotrophic prokaryotes, heterotrophic 

protists and viruses) and is characterized by a mix of trophic strategies in all the living 

compartments (e.g. heterotrophic prokaryotes are capable of using solar radiation via 

proteorhodopsin, a large number of protistan plankton is mixotrophic) that make the trophic 

interactions complex (Herndl et al., 2008). The deep ocean harbors a simpler food web than 

the surface waters, due to the absence of photoautotrophic organisms. Grazing rates in the 

meso- and bathypelagic layers, however, are lower than they are in the epipelagic because of 

the temperature effect, well-known to affect HNF grazing rates (Arístegui et al., 2009). 

Average flagellate-specific grazing rates are 3.4 prokaryotes HNF-1 h-1 and 2 prokaryotes 

HNF-1 h-1 in epipelagic and mesopelagic waters, respectively. Although clearance rates are 

small relative to prokaryotic abundance, their slow growth rates suggest that grazing should 

remove most of the prokaryotic production. HNF can potentially consume 48-70% of the 

prokaryotic production in the meso- and bathypelagic waters (Fukuda et al., 2007), efficiently 

controlling the prokaryotic communities of the dark ocean. 

A widely accepted threshold abundance of ~2-3×108 prokaryotes L-1 has been reported to 

provide sufficient encounter probability between predators and preys to ensure efficient HNF 

grazing (Fenchel, 1986). Flagellates in the deep ocean actively feed on prokaryotes at 

concentrations below this threshold. How can predators survive in the ocean’s interior, 

considering the decrease in abundance of HNFs and prokaryotes with depth? It is likely that 

flagellates behave fundamentally different in deep waters compared to surface waters or that 

HNF feed on hotspots of prokaryotes associated with suspended POM or sinking particles, 
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where prokaryotic abundances are likely to be orders of magnitude higher than in the nutrient-

deprived surrounding waters. 

Finally, surface biological processes exhibit temporal variability over short-time scales, 

largely driven by phytoplankton primary production and extracellular release of DOM which 

can change rapidly, even over diel cycles, and by solar radiation influencing mostly the upper 

half of the euphotic layer (Obernosterer et al., 2001). Deep-water prokaryotes, however, 

might be exposed to spatial variability of nutrient concentrations, e.g. refractory DOM and 

particulate matter settling at different velocities from the euphotic layer into the ocean’s 

interior. Consequently, the resulting heterogeneity might lead to a heterogeneous distribution 

of deep-water microbes. 

 

4. Microbial biodiversity 

Patterns of diversity and community composition for Bacteria and Archaea have been 

identified in marine environments (Pommier et al., 2007; Rusch et al., 2007; Fuhrman, 2009; 

Zinger et al., 2011). The availability of resources, selective loss factors (grazing and viral 

lysis) and physical parameters such as temperature and salinity can influence microbial 

population structure. Latitudinal gradients and environmental factors have been shown to 

influence BCC which clusters according to the water masses (Hewson et al., 2006b; Fuhrman 

et al., 2008). Salinity, temperature and consequently density act as potential oceanographic 

barriers limiting immigration of bacterial phylotypes (Agoguè et al., 2011). 

Despite the decline in cell abundance, prokaryotic diversity in the dark ocean is almost as 

high and variable as in the epipelagic layer (Moeseneder et al., 2001; Hewson et al., 2006a). 

Only slight decline of about 25-30% from the epipelagic to the bathypelagic waters has been 

detected. Despite this low decline, there is substantial stratification of the prokaryotic 

populations (DeLong et al., 2006). 

 

4.1 Phylogenetic composition of bacterial communities 

Several studies have investigated taxonomic distribution of bacterial phylotypes along the 

water column all over the world (e.g. López-García et al., 2001; De Long et al., 2006; Sogin 

et al., 2006; Martin-Cuadrado et al., 2007; Rusch et al., 2007; Quaiser et al., 2008; Galand et 

al., 2010; Agoguè et al., 2011). Some groups are clearly adapted to surface or deep water, 
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whereas other taxa display different trend along the water column in different sampling sites. 

In meso- and bathypelagic waters, between 30% and 50% of the prokaryotic phylotypes are 

ubiquitously present, while others are recovered only in specific water masses (Moeseneder et 

al., 2001; Hewson et al., 2006a; Zaballos et al., 2006). A general overview of bacterial 

phylotypes distribution in seawaters is described below. 

Cyanobacteria (Prochlorococcus and Synechococcus) are shown to have an ubiquitous 

distribution in surface waters, with a decrease with depth due to their dependence on light 

availability. In particular, Prochlorococcus constitutes the dominant clade in surface waters 

(Friedline et al., 2012). Cyanobacteria seem to be more abundant in open ocean than in 

coastal waters (Zinger et al., 2011). 

Proteobacteria are almost ubiquitous oceans and within the water column. Members from the 

Alpha-subdivision are dominant at all depths and the clade SAR11 (Pelagibacter) is 

ubiquitous in the oceans and mainly contributes to the dominance of Alpha, accounting for 

half and one fourth of surface and mesopelagic communities, respectively (Morris et al., 

2002; Brown et al., 2012). SAR11 is less frequent in coastal environments (Zinger et al., 

2011). Rhodobacteriales represent the second most abundant group within 

Alphaproteobacteria. Betaproteobacteria and Deltaproteobacteria are generally more 

commonly found in meso- and bathypelagic waters than in surface waters. Finally, the 

Gammaproteobacteria class contributes to the total bacterial community at all depths, 

increasing in deep-water samples. Gammaproteobacteria typically found are related to the 

genera Colwellia, Shewanella, Alteromonas, Pseudoalteromonas and Oceanospirillales 

whose presence is not restricted to deep zones, as they have been detected also in surface 

samples even at high abundance. 

Bacteroidetes distribution displays contrasting patterns. Some authors report that members of 

this group are common in near-surface waters, appearing to be quite low in deep waters 

(Gilbert et al., 2009), whereas others describe higher relative abundance of Bacteroidetes in 

deep communities (Friedline et al., 2012). Within Bacteroidetes, Flavobacteriales are 

generally abundant. 

Acidobacteria, Actinobacteria, Firmicutes, Verrucomicrobia, Chloroflexi and Planctomycetes 

are highly represented at greater depths. 

Some taxa are preferentially restricted in distinctive habitat. Vent waters and anoxic 

ecosystems show clear differences compared to other ecosystems as they host higher 



General introduction 

15 

proportions of sulphur oxidizers belonging to Gammaproteobacteria and Epsilonbacteria 

(Lozupone and Knight, 2007; Zinger et al., 2011), while Betaproteobacteria-related 

phylotypes are common in deep-sea methane vents (Pernthaler et al., 2008) suggesting a 

potential niche for these organisms within methane-rich marine environments. 

Discrepancies among different studies may be explained by (1) differences between distinct 

samples (2) technical differences in the sampling and processing of the samples (3) biases in 

the reference databases. 

 

4.2 Phylogenetic composition of archaeal communities  

Members of the Archaea domain were originally thought to be restricted to extreme 

environments, but now they are known to be very common in several marine environments at 

all depth in the world’s oceans. Non-thermophilic Archaea are generally almost absent in 

surface layers, accounting for only 1% of the total picoplankton assemblage (Church et al., 

2003). In the deep ocean they are, in terms of abundance, as important as Bacteria, accounting 

for 10–70% of total prokaryote cells and clustering according to different depth layers (Karner 

et al., 2001; Herndl et al., 2005; DeLong et al., 2006; Kirchman et al., 2007; Martin-

Cuadrado et al., 2007). Archaea contribute significantly to pelagic metabolism playing an 

important role in the global carbon and nitrogen cycles. Ammonia oxidizers, methanogens 

and sulfate reducing species have been described within this domain (Bapteste et al. 2005; 

Könneke et al., 2005; Anderson et al., 2009; Cao et al., 2013). 

Archaea were initially subdivided into two major phyla, Crenarchaeota and Euryarchaeota 

(Karner et al., 2001; Church et al., 2003; Herndl et al., 2005), but two additional sub-

divisions, Korarchaeota and Nanoarchaeota, have been proposed as relatively archaic lineages 

positioned at the base of the universal phylogenetic tree (Barns et al., 1996; Huber et al., 

2002). Recently the phylum Thaumarchaeota has been described by Brochier-Armanet and 

colleagues (2008a,b). Initially classified as ‘mesophilic Crenarchaeota’, it has been proposed 

to precede the speciation of Crenarchaeota and Euryarchaeota and may represent the deepest 

branching lineage in the archaeal phylogeny. 

Marine Crenarchaeota represent the most abundant archaeal group in the oceans. They are 

only sporadically present in surface layers and never numerically dominant but become a 

significant component of deep sea microbiota, comprising a large fraction of total marine 

picoplankton below the photic zone (25-40%) and being as common as bacteria. 
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Marine Euryarchaeota are divided in two groups, with different frequency along the water 

column. Group II is more abundant in the upper layer and declines below the photic zone, 

whereas Group III can be recovered at all depths at a lower frequency and is quite stable 

throughout the entire water column (10-17%). 

Marine Korarchaeota have been found in the deep waters from several oceanic provinces, 

whereas generally less common. 
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Purpose 

Our conceptual understanding of the role of heterotrophic bacteria in pelagic systems and in 

global biochemical cycles is closely related to our understanding of how their growth rate, 

abundance, distribution and diversity are controlled. The main environmental constrains are 

represented by HNF grazing, viral lysis and environmental abiotic factors such as depth, 

temperature or substrate availability. All these elements contribute to select prokaryotic 

species inhabiting specific environments and thus influence taxonomic community 

composition, ecosystem functioning and nutrient cycling. 

 

The present work was aimed to: 

(1) quantify the impact of HNF predation on the deep prokaryotes biomass; 

(2) investigate if and how prey diversity varies in response to different predation pressure; 

(3) define taxonomic community composition in studied areas and identify most affected 

prokaryotic phylotypes by HNF grazing 

(4) evaluate the effects of small HNF (<3 µm), which are known to dominate nano-sized 

compartment and represent the main bacterivores in aquatic ecosystems, being an 

important link between bacteria and larger protists; 

(5) evidence differences in community sensitivity to grazing between surface and 

mesopelagic ecosystems  

(6) identify the main environmental drivers shaping microbial community diversity. 

In order to quantify carbon fluxes through pelagic microbial food webs, heterotrophic 

nanoplankton grazing impact on picoplankton was evaluated in the surface and mesopelagic 

waters of the Adriatic Sea and the Northern Ionian Sea by means of the dilution method 

coupled with molecular methods. Automated Ribosomal Intergenic Spacer Analysis (ARISA) 

and high-throughput sequencing (Ion Torrent and pyrosequencing) were employed to 

obtained high resolution analysis of chances in prokaryotic phylotype contribution to the 

whole prey assemblages. Finally, environmental drivers shaping bacterial diversity were also 

investigated. 
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Heterotrophic nanoflagellate grazing on picoplankton in deep waters. 

 

This chapter reports data that integrate a more comprehensive analysis of carbon fluxes within pelagic 

trophic webs. Trophic interactions were evaluated analyzing nanoflagellate predation effects on 

picoplankton and microzooplankton grazing impacts on microphyto-, nano- and picoplankton in both 

surface and deep waters.  

 

Abstract 

The microbial loop is well known to regulate carbon fluxes in surface marine environments 

but few studies have quantified impact of heterotrophic nanoflagellate (HNF) predation on 

prokaryotes in the dark ocean. Here we investigated the impact of HNF grazing on 

picoplankton in the aphotic layer of the Southern Adriatic Sea and the Northern Ionian Sea. 

The two basins were significantly distinguished by both the physicochemical water 

characteristics and the prokaryotes and protists abundance distributions. Flagellates were 

demonstrated to efficiently control their preys (ingestion rates 0.53-10.61 µg C L-1). 

Prokaryotic biomass losses accounted for about 94% of potentially produced biomass. HNF 

<3 µm, which dominated flagellate abundance, were likely the main bacterivores. Our study 

demonstrated that, despite the cell abundance decrease of both predators and preys reduces 

encounter probabilities, the dark ocean hosts complex microbial food webs, structured around 

three trophic levels represented by prokaryotes, small and large heterotrophic flagellates.  
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Introduction 

The dark ocean is the largest habitat in the biosphere, comprising 1.3×1018 m3. Deep waters 

are most often oligotrophic, there is no sufficient light to support photosynthesis, pressure 

increases and temperature steeply decreases. The dark ocean is the largest reservoir of ‘active’ 

organic carbon in the biosphere (Arístegui et al., 2009), which is produced by biological 

processes that take place in the upper ocean (e.g. photosynthesis). This zone receives organic 

inputs from overlying layers in the form of particulate (POM) and dissolved organic matter 

(DOM) after substantial remineralization and transformation via complex actions of 

epipelagic biota (Steinberg et al., 2008; Robinson et al., 2010). Mesopelagic and bathypelagic 

systems host the majority of the total pelagic marine prokaryotic biomass (37-52% and 21-

38%, respectively) (Arístegui et al., 2009; Tanaka, 2009). 

The microbial loop, theorized for the first time by Azam et al. (1983), plays a fundamental 

role within the fluxes of carbon and nutrients in the ocean. Bacteria remineralize pelagic 

organic matter (Nagata, 2008; Robinson, 2008) and are in turn consumed by protists (Jürgens 

and Massana, 2008) or lysed by viruses (Breitbart et al., 2008). Despite emerging evidences 

describe the dark ocean as a fundamental site for the ocean biogeochemistry and an important 

reservoir of high genetic and metabolic microbial diversity, our current understanding on 

carbon fluxes is mostly based on studies conducted in the sunlit layer. Only recently, 

researchers have begun to reveal remarkable features in distribution patterns of microbes and 

food web interactions in deep waters (Fukuda et al., 2007; Herndl et al., 2008; Fonda Umani 

et al., 2010). Generally, prokaryotic abundance decreases from surface to deep waters by 

about 2 or 3 orders of magnitude, in a range of 0.03-2.3×108 cells L-1 (Reinthaler et al., 2006). 

As an average, at mesopelagic depths prokaryotic abundance is 25% of the mean prokaryotic 

abundance in the epipelagic and 7% in the bathypelagic layer. As for prokaryotes, 

heterotrophic nanoflagellates (HNF) abundance decreases with depth, varying from 103-105 

cells L-1 to <102 cells L-1 in deep waters. In photic ecosystems, a threshold of ~2–3×108 

prokaryotes L-1 has been proposed to provide sufficient encounter rate to sustain HNF growth 

and balance energy uptake and flagellate basal metabolic activity (Fenchel, 1986). In the deep 

ocean, HNFs actively feed on prokaryotes at concentrations below this threshold, leading to 

new questions about predators feeding strategies in the deep layer and their effects on prey 

assemblages. Flagellates likely behave fundamentally differently in deep waters, or feed on 

hotspots of prokaryotes associated with suspended POM or sinking marine snow–type 
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particles, where prokaryotic abundances are likely to be orders of magnitude higher than in 

the nutrient-deprived surrounding waters. HNF can potentially consume 48-70% of the 

prokaryotic production in the meso- and bathypelagic waters of the subarctic Pacific and 

Bering Strait (Fukuda et al., 2007; Arístegui et al., 2009) efficiently controlling the 

prokaryotic community of the dark ocean. Bacterial losses could also be induced by 

bacteriophages. Balance between grazing and viral lysis has important ecological and 

biogeochemical implications, as the destination of organic matter and energy flow through the 

microbial world is different (Fuhrman et al., 1999; Wilhelm and Suttle, 1999). Typically, high 

rates of viral cell lysis may recycle nutrients and organic matter at the base of the food web 

and therefore, less amounts reach higher trophic levels, a process referred to as the ‘viral 

shunt’. In contrast, through flagellates grazing energy is transferred to the higher trophic 

levels via the connection between the microbial loop and the classical food chain (Azam et 

al., 1983). Thus, these processes can significantly influence the production of dissolved 

organic carbon and the recycling of nutrients. 

We quantified HNF grazing impact on mesopelagic (600-1000m ca) bacterial communities in 

the Southern Adriatic Sea and Ionian Sea. Dilution method was employed to measure rates of 

prey growth and mortality induced by flagellates. We assessed that flagellates efficiently 

control prey biomass, removing the main part of bacterial production, also in deep 

environments. 

 

Materials and methods 

Samples collection 

Seawater samples were collected in the Southern Adriatic Sea and Northern Ionian Sea in 

April-May 2011 during an oceanographic cruise in the frame of OBAMA project (off shore 

OBservatory for the long-term ecological research on the biodiversity And ecosystem 

functioning of the deep Mediterranean seA). Table 1 reports sampling dates, depths, basins 

and geographical coordinates. In situ environmental parameters were obtained through CTD 

probe (Sea-Bird Electronics, Inc).  
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Table 1 - Sampling sites. Coordinates are reported according to the WGS84 system. 

Station Sampling date LatN LongE Depth (m) Location 

O36 26/03/11 41.380 17.267 1132 Southern Adriatic Sea 

O37B 27/03/11 41.430 17.336 1108 Southern Adriatic Sea 

CF16 02/04/11 39.286 18.181 1035 Northern Ionian Sea 

MS03A 01/04/11 39.330 18.319 775 Northern Ionian Sea 

OL107 03/04/11 39.741 18.810 674 Otranto Channel 

 

Dilution experiments set up 

The dilution protocol was proposed by Landry and Hassett (1982) and modified by Landry et 

al. (1995) to assess both microzooplankton and HNF grazing. It has been widely used over 

wide oceanic environments (e.g. Worden and Binder, 2003; Berninger and Wickham, 2005; 

Troussellier et al., 2005; Yokokawa and Nagata, 2005; Agis et al., 2006; Fonda Umani et al., 

2010). The method relies on the modulation of the encounter probability between predators 

and prey, diluting natural water samples with increasing proportions of pre-filtered particles-

free seawater. In the present study, predators are HNF while prey are represented by 

heterotrophic prokaryotes (HP). 

The approach relies on 4 main assumptions: (1) the growth and mortality rates may change 

over short-time scales (ca. 24 h), thus allowing the calculation of the average rates over the 

considered incubation period; (2) the mean specific growth rate of prey must be constant (i.e. 

prey density independent) requiring that dissolved organic nutrients do not limit growth in all 

treatments; (3) the average clearance rate of individual consumer is constant at all dilutions, 

therefore predator community does not vary during incubation; (4) encounter probability (and 

thus grazing rate) is directly related to prey density.  

Predator grazing rate (g) and prey apparent growth rate (k) are estimated as the slope and the 

intercept of the regression between the apparent prey growth rate ((1/t)ln(Ct/C0)) at different 

dilutions and the increasing dilution factor. Parameters describing trophic relationship and 

carbon transfer between predator and prey (Table 2) are calculated from g, k, prey 

concentration at the beginning of the incubation (C0) and average prey concentration during 

the experiment (Cm).  

Deep seawater was collected using a Rosette sampler with Niskin bottles and immediately 

transferred into 20 L Nalgene carboys, gently poured through a 10 µm mesh to remove any 

microzooplankton grazer. Particle-free fraction was obtained by using hydrophilic 142 mm 

diameter 0.22 µm Durapore membrane (Millipore®) on a vacuum pump. Three sets of 4 serial 
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dilutions (100%, 80%, 50%, 10%) were prepared. The initial samples (t0) were immediately 

fixed with 2% buffered formaldehyde, recovering 250 mL and 50 mL for nanoplankton and 

picoplankton analysis, respectively. Experimental bottles were filled within <1 h of sample 

collection and incubated for 24h approaching as closely as possible natural conditions (in the 

dark, at in situ temperature and at 1 atm pressure). At the end of the incubation, samples (t24) 

were fixed as previous. All fixed samples were stored at 4°C in the dark until microscopic 

counts. Instruments were washed with 10% HCl and thoroughly rinsed with deionised water. 

 

Table 2 - Parameters describing carbon flux. Parameters were calculated from the rates of prey mortality 

related to grazing (g) and the prey growth (k) obtained from regression between the apparent growth rate 

((1/t)ln(Ct/C0)) at different dilutions and the increasing dilution factor (C0 = picoplankton biomass at the 

beginning of the experiment, µgC L
-1

; Cm = average picoplankton biomass during incubation time, µC L
-1

; g = 

picoplankton grazing mortality; k = picoplankton growth). 

Parameter Definition Formula 

Ingestion rate (I, µgC L
-1

 d
-1

) Prey biomass removed by grazing Cm×g 

Potential production (Pp, µgC L
-1

 d
-1

) Prey biomass that might be produced without predators C0×k 

Real production (Pp, µgC L
-1

 d
-1

) Prey biomass produced during incubation in the 

presence of predators 

C0×(k-g) 

Potential production removal (PPR, %) Prey potential production removed by grazing 100×I/C0 

Standing stock removal (SSR, %) Prey initial standing stock removed by grazing 100×I/Pp 

 

Quantitative analysis 

The analysis was carried out following a modification of the Porter and Feig's method (1980). 

Picoplankton samples were filtered onto black 0.2 µm polycarbonate membrane filters (NTG) 

laid over pre-wetted 0.45 µm nitrocellulose backing filters (Millipore®). HNF were filtered 

onto black 0.8 µm polycarbonate membrane filters (NTG) laid over pre-wetted 1.2 µm 

nitrocellulose backing filters (Millipore®). Filtration was performed on a vacuum pump with a 

depression between 0.2 – 0.3 atm. Organisms were stained for at least 15 minutes in the dark 

with 4’6–diamidino–2–phenylindole (DAPI, Sigma) at 1 µg mL-1 final concentration. Nine 

and three replicates were analysed for HP and HNF, respectively. Filters were finally stored at 

-20°C until their processing. Cell counts were conducted with a 100x oil immersion objective 

using an Olympus BX60 F5 epifluorescence microscope equipped with a 100 W high – 

pressure mercury burner (HPO 100 W/2). Abundances were observed through a UV filter 

(365 nm) counting at least 200 cells for HP and 100 cells for HNF. HP abundance was 

converted to carbon content considering the conversion factor of 10 fg C cell -1 (Reinthaler et 
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al., 2006). HNF were divided into 3 dimensional classes: 2-3 µm (below called ‘<3 µm’), 3-5 

µm and 5-10 µm (below called ‘>5 µm’). Biomass was obtained assimilating cell to spheres 

with diameter equal to the average value of the dimensional class and using a conversion 

factor of 183 fg C µm -3 (Caron et al., 1995). 

 

Dissolved Organic Carbon (DOC) enrichment 

Twenty mL of unfiltered, 10 µm-filtered, 0.22 µm-filtered seawater were collected and 

filtered on 0.7 µm Whatman® GF/F glass microfiber filters, which were previously sterilized 

at 480°C for 4 hours with acidification (HCl from 1N to 2N). Filtered seawater samples were 

stocked at -20°C. Collection tubes were treated with cromic acid for 24h, washed with Milli-

Q water and sterilized at 480°C for 4 hours. Before DOC quantification, samples were 

acidified at pH<2 with 100 µL HCl 6N and purified for 8’ with O2 vapors (150 mL min-1) to 

remove inorganic and volatile organic carbon. DOC was analyzed through HTCO (High-

Temperature Catalytic Oxydation; Avril, 2002) with Shimadzu TOC 5000A analyzer 

equipped with vertical combustion column filled with 1.2% platinum on silica pillows with an 

approximate diameter of 3 mm (Cauwet, 1994). Then, 100 µL of sample was injected. Carbon 

concentration was determined by automatic comparison with 4-point calibration curves. 

Standardization was carried out every day using potassium hydrogen phthalate. 

 

Results 

Environmental data 

In situ environmental parameters recorded at sampling sites are reported in Table 3. 

 

Table 3 – Environmental parameters. Physicochemical parameters were measured through 

CTD multi-profile sensor at sampling depth (SA: Southern Adriatic Sea, IS: Northern Ionian 

Sea, SO: Strait of Otranto). 

Station Basin 
Depth 

(m) 
Temperature 

(°C) 
Salinity 

(PSU) 
Density 

(kg m-3) 

Oxygen 
(mL L-1) 

Chl a 
(µg L-1) 

O36 SA 1132 13.20 38.70 29.26 4.47 0.014 

O37B SA 1108 13.21 38.70 29.26 4.45 0.015 

CF16 IS 1035 13.69 38.72 29.16 4.25 0.012 

MS03A IS 775 13.67 38.72 29.16 4.13 0.009 

OL107 SO 674 13.68 38.71 29.15 4.35 0.012 
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DOC enrichment 

Dissolved organic carbon was quantified to evaluate filtration effects on organic matter 

concentration (Figure 1). DOC amount in water filtered on 10 µm mesh was twice natural 

seawater, variation was not significant. Filtration on 0.22 µm membrane induced a significant 

five-fold increase in DOC (p<0.05).  

 
Figure 1 - DOC concentration in unfiltered and filtered seawater. Significance was evaluated 

comparing filtered samples to natural seawater (×: p<0.05). 

 

Picoplankton abundance and biomass 

Picoplankton abundance ranged between 2.99 ± 0.20×107 cell L-1 and 38.00 ± 3.95×107, while 

biomass varied from 0.30 ± 0.02 µg C L-1 to 3.80 ± 0.40 µg C L-1 (Figure 2).  

 
Figure 2 - Abundance and biomass of in situ picoplankton assemblages. Biomass was calculated from 

cell abundance using the conversion factor of 10 fg C cell 
-1

 (Reinthaler et al., 2006). 
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The highest values were observed in the Ionian Sea (CF16) and the Strait of Otranto (OL107). 

In MS03A and in stations located in the Southern Adriatic Sea (O36, O37B) values were one 

order of magnitude lower, with averages of 3.74 ± 2.92 cell L-1 and 0.37 ± 0.29 µg C L-1. 

 

Nanoplankton abundance and biomass 

Nanoplankton abundance varied between 7.64 ± 2.50×103 and 19.56 ± 2.31×103 (Figure 3A; 

Table S1) while biomass ranged between 0.46 ± 0.32 and 2.52 ± 1.68 µgC L-1 (Figure 3B; 

Table S2), reaching the highest values in stations CF16 and MS03A, as observed for the 

picoplankton.  

 
Figure 3 - Abundance and biomass of in situ HNF communities. Nanoplankton cells were subdivided 

in three distinct size classes (<3 µm, 3-5 µm, >5 µm). To calculate HNF biomass cells were assimilated 

to spheres with diameter equal to the average value of the dimensional class in order and converted to 

carbon content with the conversion factor of 183 fg C µm 
-3

 (Caron et al., 1995). 

 

We divided HNF into three dimensional subclasses (2-3 µm, 3-5 µm and 5-10µm) to deeply 

evaluate HNF size distribution within the whole community. Organisms <3 µm represented 

the most abundant group in almost all stations accounting for 47.30 ± 7.20 % of cell counts, 

with the exception of station CF16, where the principal size class was the largest one (>5 µm) 
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and medium (3-5 µm) and larger (>5 µm) cells constituted 33.36 ± 6.76 % and 23.99 ± 13.07 

% (Figure 3C). Comparing the distinct size classes in terms of biomass, smaller organisms 

represented 6.33 ± 3.82 % of total biomass, exceeding 10% only in station O37B. HNF 

biomass was dominated by large HNF (74.26 ± 13.55%) (Figure 3D) 

 

Experiment set up evaluation 

Picoplankton biomass at the beginning of the incubation period showed a highly significant 

positive linear correlation with dilution factor (p<0.001, r = 0.864-0.997) in all experiments 

(Figure 4(1-5)), confirming that the experiments were successfully performed. Seawater 

dilution corresponded to an effective dilution of the organisms. 

 
Figure 4(1) - Biomass relationship with dilution factor at the beginning of the experiment O36. 

Highly significant linear correlation indicates correct experiment set up (r = 0.997, p-value <0.001). 

 

 
Figure 4(2) - Biomass relationship with dilution factor at the beginning of the experiment O37B. 

Highly significant linear correlation indicates correct experiment set up (r = 0.984, p-value <0.001). 
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Figure 4(3) - Biomass relationship with dilution factor at the beginning of the experiment MS03A. 
Highly significant linear correlation indicates correct experiment set up (r = 0.952, p-value<0.001). 

 

 
Figure 4(4) - Biomass relationship with dilution factor at the beginning of the experiment CF16. 

Highly significant linear correlation indicates correct experiment set up (r = 0.864, p-value <0.001). 

 

 
Figure 4(5) - Biomass relationship with dilution factor at the beginning of the experiment OL107. 
Highly significant linear correlation indicates correct experiment set up (r = 0.881, p-value <0.001). 

 

HNF grazing impact 

In each experiment apparent growth was calculated and plotted against dilution factor. In 

three sampling sites a highly significant negative correlation (p<0.001) was obtained, 
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allowing extrapolation of parameters describing trophic interaction and nanoplankton grazing 

impact on picoplankton biomass (Table 4, Figure 5). 

In experiment O37B (Southern Adriatic Sea) grazing induced mortality rate (g = 1.57) and 

growth rate (k = 1.29) determined an ingestion rate of I = 0.53 µgC L-1 g-1, a potential 

picoplankton production of Pp = 0.51 µgC L-1 g-1 and a real picoplankton production of Pr = -

0.11 µgC L-1 g-1. Grazing removed 105% and 135% of potential production and initial 

standing stock, respectively. 

In experiment CF16 (Northern Ionian Sea) grazing induced mortality rate (g = 5.14) and 

growth rate (k = 3.25) determined an ingestion rate of I = 10.61 µgC L-1 g-1, a potential 

picoplankton production of Pp = 12.34 µgC L-1 g-1 and a real picoplankton production of Pr = 

-7.18 µgC L-1 g-1. Grazing removed 86% and 279% of potential production and initial 

standing, respectively. 

In experiment OL107 (Strait of Otranto) grazing induced mortality rate (g = 2.89) and growth 

rate (k = 2.14) determined an ingestion rate of I = 6.52 µgC L-1 g-1, a potential picoplankton 

production of Pp = 7.23 µgC L-1 g-1 and a real picoplankton production of Pr = -2.54 µgC L-1 

g-1. Grazing removed 90% and 193% of potential production and initial standing stock, 

respectively. 

 

Table 4 - Carbon flow from picoplanktonic assemblages to higher trophic levels via HNF grazing (C0 = 

picoplankton biomass at the beginning of the experiment, µgC L
-1

; Cm = average picoplankton biomass during 

incubation time, µC L
-1

; g = picoplankton grazing mortality; k = picoplankton growth; I = ingestion rate, µgC L
-1

 

d
-1

; Pp = picoplankton potential production, µgC L
-1

 d
-1

; Pr = real picoplankton production, µgC L
-1

 d
-1

; PPR = 

potential production removal; SSR = initial standing stock removal). 

Experiment g k R p value C0 Cm I Pp Pr PPR SSR 

O37B 1.57 1.29 -0.982 <0.001 0.39±0.03 0.34 0.53 0.51 -0.11 105% 135% 

CF16 5.14 3.25 -0.934 <0.001 3.80±0.40 2.07 10.61 12.34 -7.18 86% 279% 

OL107 2.89 2.14 -0.957 <0.001 3.39±0.45 2.26 6.52 7.23 -2.54 90% 193% 
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Figure 5 - Result of serial dilution experiment. Apparent growth rates (ln(Ct/C0), where C0 and Ct are 

abundance at time zero and after 24h) are plotted versus sample dilution factors. Slope and intercept represent 

grazing rate (day
–1

) and growth rate (day
–1

), respectively. All correlation are highly significant (p<0.001, r 

>0.900) 

 

The plots of apparent growth rate against dilution factors at stations O36 and MS03A are 

reported in Figure 6. No significant relationship was evidenced in those experiments, 

preventing calculation of parameters describing trophic interactions. 

 
Figure 6 - Result of serial dilution experiment. Apparent growth rates (ln(Ct/C0), where C0 and Ct are 

abundance at time zero and after 24h) are plotted versus sample dilution factors. The absence of negative linear 

correlation did not allow grazing and growth rates calculation. 
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In experiments where predation was observed (O37B, CF16, OL107), picoplankton 

abundance significantly decreased (p<0.01). On the contrary, in experiment O36 no variation 

was recorded (p>0.05) and in experiment MS03A prokaryotic cell counts significantly 

increased (p<0.01) (Figure 7). 

 
Figure 7 - Prokaryotic abundance variation. Cell number was measures at the beginning and the end of 

the incubation period (*: p<0.01). 

 

HNF secondary production 

HNF abundance was evaluated before and after the incubation. In all experiments, significant 

decreases of community were observed for both the whole HNF community and the three size 

classes (Figure 8; Tables S1).  

 
Figure 8 – Secondary production. HNF abundance at the beginning and at the end of the experiments, divided 

in the three size subgroups (*:p<0.05). 

 

In experiments O36 and MS03A the decrease was less pronounced when compared to the 

other experiments. In experiments O37B, CF16 and OL107, the greatest decrease (average 
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variation -89.59 ± 2.99%) were recorded for larger predators, followed by 3-5µm and <3µm 

HNF (average variation -76 ± 10.19% and -49.80 ± 10.29%, respectively). 

 

Discussion 

Prokaryotes and protists are the major components of the ecosystems and are fundamental in 

the geochemical cycles. Protists channel carbon and nutrient flow from one of the largest 

standing stocks of living biomass (bacteria and archaea) to higher trophic levels, representing 

one of the major forces that shape the movement and fate of microbial biomass in aquatic 

ecosystems. Most of our knowledge comes from studies focused on surface microbial 

communities, whereas trophic interactions among organisms inhabiting aphotic layers are still 

poorly quantified. Recently, HNF grazing on picoplankton in the deep ocean has been 

demonstrated to be as efficient as in the photic zone (Fonda Umani et al., 2010). Here we 

quantified the carbon transfer from picoplankton to higher trophic levels through HNF 

grazing in the deep Southern Adriatic and Northern Ionian Seas.  

Environmental parameters such as bottom temperature and salinity agreed with values 

recorded in the eastern basins of the Mediterranean Sea (temperature 13.5-15.5°C, salinity 38-

39.5; Danovaro et al., 2010) confirming that deep waters are relatively warm and salty. 

Temperature, oxygen concentration and density distinguished the two studied areas, with 

higher values in Southern Adriatic basin compared to Northern Ionian Sea. Physicochemical 

characteristics of Otranto Strait were more similar to Ionian than to Adriatic waters.  

Natural prokaryotic assemblages ranged between 2.99 ± 0.20×107 cell L-1 and 38.00 ± 

3.95×107 cell L-1, corresponding to 0.30 ± 0.02 µg C L-1 and 3.80 ± 0.40 µg C L-1. Values of 

the same magnitude have been recorded in the deep Eastern Mediterranean Sea (Arístegui et 

al., 2009; La Ferla et al., 2010). The most abundant communities were observed in stations 

CF16 (Ionian Sea) and OL107 (Strait of Otranto) (p<0.05), while samples collected in the 

Southern Adriatic Sea (O36 and O37B) showed lower values, together with MS03A. 

Prokaryotic biomass displayed the same distribution of cell counts.  

Generally, HNF abundance in the deep Mediterranean basin is quite variable, from less than 1 

cell L-1 to 105 cell L-1 (Arístegui et al., 2009; Nagata et al., 2010). In our study, in situ values 

varied between 7.64 ± 2.50×103 cell L-1 and 19.56 ± 2.31×103 cell L-1, while biomass ranged 

between 0.46 ± 0.32 µgC L-1 and 2.52 ± 1.68 µgC L-1, close to those reported by Fonda 
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Umani et al. (2010) in the same area. Abundance and biomass profiles among stations were 

not identical, even similar, as organisms were divided into three dimensional classes (<3 µm, 

3-5 µm, >5 µm). Communities collected in the Ionian Sea (MS03A and CF16) presented 

higher total abundance and biomass than the Adriatic ones (p<0.05). Small HNF (<3 µm) 

were the most abundant group, followed by intermediate HNF, with no significant difference 

among sampling stations. Large organisms (>5 µM), due to their size, mainly contributed to 

flagellate biomass, significantly distinguishing Adriatic and Ionian communities (p<0.05). 

The sample collected within the Strait of Otranto (OL107) was separated from the other 

sampling areas due to the different contribute of >5 µm organisms (p<0.05). Recent studies 

have highlighted that small flagellates (2-5 µm) constitute the most abundant size fraction 

within HNF communities in aquatic systems (Tsai et al., 2011). In our study, they were 

numerically more common but biovolume and consequently carbon estimates were dominated 

by larger cells. 

Quantitative dilution method was employed to evaluate the effects of HNF predation on 

prokaryotes. Clear effects of grazing were observed in three experiments (O37B, CF16, 

OL107) where correlation between prey apparent growth and dilution factors resulted to be 

highly significant (p<0.001). Trophic interactions could not be evaluated in experiments O36 

and MS03A due to the lack of any significant correlation. 

The comparison between absolute values of apparent growth rate k and grazing coefficient g 

represents an indication of the efficiency of grazing control on a picoplankton assemblage. 

When k > g, growth overcomes grazing pressure, while k < g indicates that HNF exert an 

efficient top down control on preys. In experiments O37B, CF16 and OL107 g was always 

higher than k, suggesting that HNF efficiently controlled the picoplanktonic compartment. 

Negative prey production (O37B: -0.11 µgC L-1 d-1, CF16: -7.18 µgC L-1 d-1, OL107: -2.54 

µgC L-1 d-1) confirmed the impact of predation, which caused the removal of a high portion of 

potentially produced prokaryotic biomass (93.7 ± 10.0 %) and a significant decrease of prey 

abundance at the end of the incubation compared to in situ cell counts. 

Total HNF abundance decreased at the end of all experiments. Grazing rates indicated that 

predator-prey relationships developed during incubation, leading to a decrease of prokaryotic 

biomass. Although protists actively grazed on prokaryotes, prey consumption was not enough 

to sustain new flagellate biomass production. Analyzing HNF size distribution, in 

experiments O36 and MS03A, where no significant predation was detected, the contributes of 
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the three subgroups were quite constant compared to the in situ community structure. On the 

contrary, in experiments O37B, CF16 and OL107 more marked variations were observed. 

Relative contribution of large predators to the whole flagellate community declined, while 

smaller fraction rose. HNF (<3 µm) have been demonstrated to be the first level of 

bacterivores in size fractionation experiments, being responsible for up to 60% of prokaryotic 

losses (Tsai et al., 2011). This led to a new interpretation of trophic relationships between 

pico- and nanoplankton. The microbial food web is thus characterized by a trophic cascade 

composed of 3 levels: prokaryotes are the principal prey of small HNF (<3 µm) which are in 

turn consumed by larger flagellates. In our experiments, despite net reduction of HNF 

abundance during the incubation, the increased contribution of small flagellates within the 

whole predator assemblage suggested that they represent important consumers of prokaryotes 

in marine ecosystems. 

The dilution method employed here entails advantages and disadvantages which have been 

extensively debated (Bamstedt et al., 2000; Strom, 2000; Jürgens and Massana, 2008). 

Containment and dilution with particle-free seawater may affect physiology, growth and 

community composition of prokaryotes. During filtration, cells and detritus disruption can 

occur even at low pressure, enhancing labile DOM concentration in experimental bottles. 

Nutrient enrichment may then stimulate prey growth and protist predation, as grazing rates are 

higher on active than on inactive cells (del Giorgio et al., 1996). Thus filtration possibly 

induces differences in the estimation of grazing and growth rates among different 

experimental conditions. We verified that dissolved organic carbon concentration was 

enhanced after filtration but the observed variation was not significant using a 10 µm mesh. 

Particle-free water, filtered on 0.22 µm membrane, presented significantly higher DOC 

amount respect to natural seawater but we assumed that the effect was minimized as particle-

free water was diluted to perform the experiments. The consequences of organism dilution 

with particle-free water over relatively long incubation times (24-48 h) and containment are 

also well known and can lead to shifts in community composition ascribable to the ‘bottle 

effect’ (Agis et al., 2007). To minimize confinement effects, incubation should not exceed 24 

hours. Although the use of dilution may introduce some biases into carbon flow quantification 

compared with processes naturally occurring in the field, these experimental method is still 

very useful for the investigation of the HNF control on picoplankton biomass and the 

movement of carbon toward higher trophic levels as it minimizes organism manipulation. 

Additional difficulties rise by studying deep communities, as decompression could further 
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influence biological processes. In the present work this factor was considered negligible for 

data interpretation, as organisms under study established significant predator-prey 

relationships and prokaryotes were characterized by good growth rates.  

Not only HNF but also viruses (mainly bacteriophages) have an important role in meso- and 

bathypelagic waters as well as in the euphotic layer. No final model have been developed on 

the relative importance of viral lysis and HNF predation, as their influence may vary in space 

and time and is influenced by both environmental conditions and prey/predator community 

composition. Thus our interpretation may take into account that viruses contribute to 

prokaryotic mortality, even at likely less extent compared to HNF grazing. Impact of viral 

lysis seems to be stronger in eutrophic systems where nutrients stimulate host growth, 

enhancing viral activity, and less important in nutrient-poor waters (Bettarel et al., 2002; 

Berdjeb et al., 2011). Both the Southern Adriatic and Northern Ionian Seas represent 

oligotrophic systems, with low concentration of suspended organic matter. We can thus 

suppose that HNF grazing represents the principal cause of picoplankton losses in our study 

area.  

 

Conclusions 

We quantified carbon transfer from the picoplanktonic to the nanoplanktonic compartment in 

deep waters. Natural prokaryotic and HNF abundances agreed with the values recorded in the 

Eastern Mediterranean Sea, distinguishing Ionian and Adriatic sub-basins. Significant 

flagellate predation was detected evidencing that grazing exerts an efficient top-down control 

on picoplanktonic compartment in deep marine waters, inducing important biomass losses. 

Whereas predator biomass was dominated by larger flagellates, small HNF constituted the 

most abundant size fraction. Grazing rates did not sustain the production of new biomass of 

the whole HNF assemblages. However, significant increases were observed for small protists, 

confirming that they likely represent the main bacterivores within HNF. 
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Abstract 

Selective flagellate grazing affects prey diversity, which could be reduced or preserved 

depending of prey and predator community composition and environmental abiotic factors. 

The hypothesis that HNF shape contribution of bacterial phylotypes to the whole community 

was tested through ARISA and differences between surface and mesopelagic microbial food 

webs were investigated in the oligotrophic waters of the Southern Adriatic and Northern 

Ionian Sea. In situ communities displayed the same evenness, being dominated by rare 

phylotypes. Richness was instead slightly higher in surface than in deep layer. HNF grazing 

modified bacterial community diversity in both surface and deep marine systems but with 

different strength. Mesopelagic communities were more sensitive to grazing impact, 

evidencing a bell-shaped response to the increasing ingestion rates. Moderate-high top-down 

control preserved or enhanced bacterial diversity, that fell at low predation. In upper 

communities grazing did not induce wide variations of bacterial richness and evenness, 

revealing to be more stable. After the removal of large HNF, abundance of a higher fraction 

of phylotypes was affected. Large protists partially reduced small flagellate impact on their 

preys. Large HNF likely had a more important role in photic systems compared to 

mesopelagic waters. Despite common phylotype changes among all experiments were not 

found, analogies emerged. While the majority of predator-prey interactions were 

characteristic to specific environments, some can be considered common to different systems. 
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Introduction 

Bacteria constitute the most important biological compartment involved in the transformation 

and mineralization of the organic matter in both euphotic and deep marine ecosystems 

mediating key pathways of global biogeochemical cycles. Understanding the regulation of 

their growth rate, distribution and diversity is a central issue in aquatic microbial ecology and 

is fundamental to clarify their role in the pelagic food webs and in organic matter cycle 

(Berdjeb et al., 2011). Different biotic and abiotic factors shape the spatio-temporal 

variability and the composition of the prokaryotic community. Nutrient availability sustains 

new biomass production whereas heterotrophic nanoflagellate (HNF) ‘size-selective’ grazing 

and ‘host-specific’ viral-mediated lysis are the main sources of microbial mortality along the 

water column. Shifts in the composition of prokaryotic communities are commonly attributed 

to selective grazing losses, either through bacterivorous flagellates or viruses. HNF predation 

could positively or negatively influence community diversity (Pernthaler, 2005; Bouvier and 

del Giorgio, 2007). Prey richness can decrease if some species are disproportionally 

vulnerable (Hiltunen et al., 2012) or be preserved under high protistan grazing pressure 

(Corno et al., 2008). In the latter case, the absence of predation likely promotes higher 

competition for the resources among different bacterial strains, favoring bacteria most active 

in substrate uptake and thus resulting in a constant reduction of the community's relative 

diversity. The maintenance of bacterial diversity under high grazing pressure is partially in 

contrast to the model presented by Thingstad (2000) where viruses are mainly responsible for 

the depletion of the largest and most rapidly growing bacterial populations in mixed 

assemblages (‘killing the winner’ strategy), thus supporting the diversity of the bacterial 

community, while protistan predation acts on less abundant bacteria. 

The dark ocean represents the largest habitat in the biosphere, is most often oligotrophic, there 

is no sufficient light to support photosynthesis, pressure increases and temperature steeply 

decreases. It is the largest reservoir of ‘active’ organic carbon in the biosphere (Arístegui et 

al., 2009), which is produced by biological processes that take place in the upper ocean (e.g. 

photosynthesis). The knowledge of microbial food web interactions accumulated over the past 

decades is based on surface waters but it is now clear that HNF represent important predators 

of prokaryotes also at greater depth, even though with some differences. In the sunlit ocean, 

the microbial food web consists of 4 main functional groups of organisms (e.g. 

photoautotrophic plankton, heterotrophic prokaryotes and protists, viruses) and is 
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characterized by a mix of trophic strategies in all living compartments (e.g. heterotrophic 

prokaryotes which are capable of using solar radiation via proteorhodopsin, mixotrophic 

protists) making the trophic interactions complex (Herndl et al., 2008). In the euphotic layer 

top-down control is thought to prevail over bottom-up control, particularly in meso- and 

eutrophic coastal systems. In surface waters of the open ocean, bottom-up control is more 

important than top-down control, although shifts from bottom-up to top-down control over 

diel cycles have been reported as well. Similarly, deep-water communities are assumed to be 

bottom-up controlled (Herndl et al., 2008). 

In the present work we assessed HNF grazing impact on bacterial diversity in the Eastern 

Mediterranean Sea, evaluating if surface and mesopelagic communities presented different 

sensitivity to predation. Moreover we also analyzed the effects of smaller HNF. Small 

flagellates (<3 µm) are known to constitute an important link between bacteria and larger 

protists since they are the primary bacterivores in aquatic ecosystems and are in turn 

consumed by larger flagellates, ciliates and even small metazoans (Strom, 2000; Massana, 

2011; Tsai et al., 2011). Feeding of larger flagellates on smaller ones may thus partly reduce 

grazing impact on bacterial biomass and could complicate the interpretation of microbial food 

webs. We focused on HNF <3µm, since they were expected to account for the most abundant 

size fraction (Vaqué et al., 2008). We previously verified the presence of significant predation 

exerted by the whole HNF community (2-10 µm) on picoplankton in the surface and deep 

waters of the Southern Adriatic Sea (SA) and the Northern Ionian Sea (IS) through 

quantitative dilution method (manuscript 1, p. 25). Here, we employed Automated Ribosomal 

Intergenic Spacer Analysis (ARISA) to test the hypothesis that HNF predation modifies 

bacterial phylotype abundance and possibly identify differences between surface and deep 

layers. In the recent years, fingerprinting approaches have been used to study complex 

bacterial communities and to evaluate natural drivers shaping community diversity. 

Fingerprints are reproducible (Fisher and Triplett, 1999) and have been shown to produce 

results consistent with those obtained using more-sophisticated and time-consuming 

approaches such as cloning and sequencing (Moeseneder et al., 2001; Hackl et al., 2004). 

Fingerprinting analyses are thus a highly suitable tool for comparing biodiversity among 

different samples and to analyze community responses to biological processes or 

environmental factors. ARISA is a capillary electrophoresis technique based on the 

amplification of the internal transcribed spacer (ITS) region between the genes encoding for 

16S and 23S rRNA (Fisher and Triplett, 1999) which is characterized by high length and 
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sequence variability among prokaryotic organisms (Daffonchio et al., 2003). Although 

fingerprinting methods poorly estimate alpha diversity and do not include the ‘‘rare’’ taxa 

(Bent et al., 2007; Zinger et al., 2012), ARISA is considered one of the most accurate, speed 

and cost-effective protocol to evaluate bacterial diversity on a lot of samples and compare 

multiple bacterial communities (Hewson and Fuhrman, 2004; Luna et al., 2004; Fuhrman and 

Hagström, 2008).  

 

Materials and methods 

Study area 

The study area was localized between the Southern Adriatic Sea (SA) and the Northern Ionian 

Sea (IS). This area is considered one of the major site of deep-water formation for the Eastern 

Mediterranean Sea (Malanotte-Rizzoli et al., 1997). The Adriatic Deep Water (ADW) is 

formed during winter due to the surface water cooling and the mixing with the underlying 

Levantine Intermediate Water (LIW) inflowing from the IS (Manca et al., 2002; Vilibić and 

Orlić, 2002). To ADW also contributes the North Adriatic Deep Water (NADW), a cold and 

oxygenated water that originates from the surface heat loss and evaporation in the north-east 

Adriatic due to Bora storms during autumn and winter (Vilibić and Supić, 2005). This dense 

water feeds the deep layers of the Ionian and Levantine Seas, outflowing through the Strait of 

Otranto (Vilibić and Orlić, 2002). The ADW coming from the Otranto Channel plays a crucial 

role for the IS,  exporting dissolved nutrients (nitrate and phosphate) in the IS and thus 

providing a crucial source for biological activity of the deep layer of the region (Budillon et 

al., 2010). Both Southern Adriatic and Northern Ionian Seas represent oligotrophic systems, 

with microbially dominated food webs (Boldrin et al., 2002).  

 

Samples collection 

Seawater samples were collected at sites reported in Table 1. In situ environmental parameters 

were obtained through CTD probe (Sea-Bird Electronics, Inc). 
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Table 3 - Sampling sites. Coordinates are reported according to the WGS84 system. 

Station Sampling date LatN LongE Deph (m) Location 

deep_O37B 27/03/11 41.430 17.336 1108 Southern Adriatic Sea 

deep_CF16 02/04/11 39.286 18.181 1035 Northern Ionian Sea 

deep_OL107 03/04/11 39.741 18.810 674 Otranto Channel 

sur_O37B 27/03/11 41.430 17.336 5.0 Southern Adriatic Sea 

sur_O36 26/03/11 41.380 17.267 5.0 Southern Adriatic Sea 

sur_CF16 02/04/11 39.286 18.181 5.0 Northern Ionian Sea 

 

Predation experiment 

HNF predation was evaluated through dilution method allowing quantification of 

picoplanktonic biomass consumption by nanoflagellates. Experiment set up and parameters 

describing carbon transfer are reported in manuscript 1 (p. 25) and briefly summarized in 

Table 2. 

 

Table 4 - Parameters describing carbon flux. The rates of prey mortality related to grazing (g) and prey growth 

(k) were obtained from regression between apparent growth rate ((1/t)ln(Ct/C0)) at different dilutions and increasing 

dilution factor (C0 = picoplankton biomass at the beginning of the experiment, µgC L
-1

; Cm = average picoplankton 

biomass during incubation time, µC L
-1

). 

Parameter Definition Formula 

k Growth rate of picoplankton - 

g Picoplankton mortality rate due to HNF grazing - 

Ingestion rate (I, µgC L
-1

 d
-1

) Prey biomass removed by grazing Cm×g 

Potential production (Pp, µgC L
-1

 d
-1

) Prey biomass that might be produced without 

predators 

C0×k 

Real production (Pp, µgC L
-1

 d
-1

) Prey biomass produced during incubation in the 

presence of predators 

C0×(k-g) 

Potential production removal (PPR, %) Prey potential production removed by grazing 100×I/C0 

Standing stock removal (SSR, %) Prey initial standing stock removed by grazing 100×I/Pp 

 

In addition to incubation bottle described in chapter 3, further 3 bottles were prepared with 

seawater filtered on hydrophilic 142 mm diameter 3 µm Durapore membrane (Millipore®) in 

order to remove the pressure given by HNF larger than 3 µm on picoplanktonic organisms. 

Replicated t0, t24(<10) (all grazers, 2-10 µm) and t24(<3) (small grazers, <3µm) samples were 

pooled and 1.5 L each was filtered on hydrophilic 142 mm diameter 0.22 µm Durapore 

membrane (Millipore®) by a vacuum pump to collect organisms. Each filter was cut in four 
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sections and each section was plunged into 7 mL of sucrose lysis buffer (750 mM sucrose, 50 

mM Tris-HCl pH 8, 40 mM EDTA pH 8) and stored at -80°C until DNA extraction.  

All instruments were washed with 10% HCl and thoroughly rinsed with deionised water. 

 

DNA extraction 

A modified version of the protocol proposed by Giovannoni et al. (1990) was followed for 

DNA extraction. Samples were firstly thawed, sucrose lysis buffer volume was reduced to 

500 µL and SDS 2% was added with 400 mg of both glass beads of 0.1 mm and 0.5 mm 

diameter (Cell Disruption Media, Scientific Industries, Inc.). Cells were lysed with two steps 

of shaking at max speed for 2’ minutes and incubation at 70°C for 5’, with a final 

centrifugation of 2’. Proteinase K (final concentration 0.6 mg/mL) was added and samples 

were incubated at 55°C for 2 hours gently shaking (Distruptor Genie, Scientific Industries, 

Inc.). Glass beads were then removed and 0.6 volumes of 5M NaCl with 0.14 volumes of 

CTAB/NaCl (10% CTAB in 0.7M NaCl) were added. After the incubation at 65°C for 10 

minutes we proceeded with a traditional chlorophorm-based DNA extraction. 

In order to minimize biases caused by sampling, DNA extracted from at least two quarters of 

each filter was combined prior to subsequent analysis, as proposed by Stoeck et al. (2009). 

 

Automated Ribosomal Intergenic Spacer Analysis - ARISA 

The internal transcribed spacer (ITS) region between 16S and 23S rRNA genes was amplified 

in 25 µL reactions containing 1X KAPA 2G Fast Hot Start Ready Mix (KAPA Biosystems), 

0.5 µM of each primer and 2 µL of genomics DNA. Amplification reaction were performed in 

DNA Engine® PTC-200 thermocycler at the following conditions: 95°C for 3’, 33 cycles at 

95°C for 10”, 52°C for 30”, 72°C for 45”, plus a final extension step at 72°C for 5’. Selected 

primers were the 16S rDNA forward primer 16S-1392F (5’-GYACACACCGCCCGT-3’) and 

the fluorescently labelled reverse primer (JOE)-23S-125R (5’-GGGTTBCCCCATTCRG-3’) 

(Danovaro et al., 2006). For each sample four different reactions were run and then combined 

to form two duplicates which were independently processed, in order to reduce amplification 

bias effects (Polz and Cavanaugh, 1998). The two resulting replicates were purified with 

QIAGEN® MinElute PCR Purification kit and quantified by Quant-iT dsDNA BR Assay 

(InvitrogenTM). Each PCR assay comprised a negative control, processed as the other samples. 
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For each ARISA, 10 ng of amplicons was mixed with 0.4 µL of internal size standard 

(GeneScanTM 1200 LIZ®, Applied Biosystems®) in 10 µL Hi-DiTM deionized formamide 

(Applied Biosystem®), denatured at 95°C for 5 min and immediately chilled on ice for 3’. 

Two runs were performed from each DNA sample, thus obtaining 4 replicates from each 

biological sample. Automated detection of ARISA fragments was carried out using the ABI 

3130 Genetic Analyzer (Applied Biosystems®) under the following conditions: oven 

temperature 60°C, injection 1.8kV for 11’’, run 6.5kV for 6200’’. 

 

Statistical analysis of electropherograms 

ARISA fragments in the range 390–1200 bp were determined using Gene Mapper® 4.1 

(Applied Biosystems®). The results were analyzed according to procedure proposed by 

Danovaro et al. (2006), eliminating ‘shoulder’ and non-replicated peaks. Electropherograms 

were normalized on peak profile obtained from the negative control. ARISA fingerprints were 

binned ±1 bp for ITS length between 400 and 1000 bp and ±5 bp > 1000 bp and the percent 

peak height of each operational taxonomic unit (OTU) was calculated for all ARISA 

fingerprints. To standardize profiles analysis among different samples, a R script was 

developed. To reduce the possible effect of sequencing artifacts without excluding ‘rare’ taxa, 

defined as those accounting for 0.1-1% of total frequency (Fuhrman, 2009), in subsequent 

analyses we considered only taxa with a frequency ranging between 0.1% and 100%. For 

fingerprints analyses, it was assumed that the number of peaks represented the species number 

(phylotype richness) and that the peak height was indicative the relative abundance of each 

bacterial species. (Luna et al., 2004; Danovaro et al., 2006). We calculated OUT richness, 

Shannon-Wiener index (H’), an estimation of bacterial biodiversity, and the evenness Pielou 

index (J), which reflects the distribution of the taxa within the entire assemblage. To evaluate 

the contribution of each phylotypes to the similarity between distinct profiles SIMPER 

(SIMilarity PERcentage breakdown) analysis was performed, based on Bray-Curtis 

dissimilarity index. SIMPER allowed us to evaluate which phylotypes were mostly 

responsible to community differences between treatments. 
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Results 

Environmental data 

Environmental parameters recorded in sampling sites are reported in Table 3. 

 

Table 3 – In situ environmental parameters. Physicochemical parameters were measured through CTD 

multi-profile sensor at sampling depth (SA: Southern Adriatic Sea, IS: Northern Ionian Sea, SO: Strait of 

Otranto). 

Station Basin 
Deph 

(m) 
Temperature 

(°C) 
Salinity 

(PSU) 
Density 
(kg m-3) 

Oxygen 
(mL L-1) 

Chl a 
(µg L-1) 

sur_O36 SA 5 13.84 38.67 28.83 5.46 0.075 

sur_O37B SA 5 14.58 38.51 28.78 5.32 0.079 

sur_CF16 IS 5 15.39 38.54 28.61 5.31 0.058 

deep_37B SA 1108 13.21 38.70 29.26 4.45 0.015 

deep_CF16 IS 1035 13.69 38.72 29.16 4.25 0.012 

deep_OL107 SO 674 13.68 38.71 29.15 4.35 0.012 

 

HNF grazing impact on picoplankton 

HNF predation impact on prokaryotes was quantified for both surface and deep communities 

(manuscript 1, p. 25) and is summarized in Table 4. In situ picoplankton biomass was one or 

two order of magnitude higher in photic layer compared to deep waters. Ingestion rates varied 

from 0.53 to 10.61 µgC L-1 d-1 and from 7.86 to 22.26 µgC L-1 d-1 in mesopelagic and surface 

experiments, respectively, leading to negative prey biomass production (average value of -

3.47 ± 2.29 µgC L-1 d-1). HNF grazing induced picoplankton losses accounting 269 ± 82% of 

the potentially produced biomass in euphotic waters and 94 ± 10% of potentially produced 

biomass in the deep. 

 
Table 4 - HNF grazing on prokaryotes. Parameters describe carbon flow from picoplanktonic 

assemblages to higher trophic levels due to HNF grazing (C0 = picoplankton biomass at the 

beginning of the experiment, µgC L
-1

; g = picoplankton grazing mortality; k = picoplankton 

growth; I = ingestion rate, µgC L
-1

 d
-1

; Pp = picoplankton potential production, µgC L
-1

 d
-1

; Pr = 

real picoplankton production, µgC L
-1

 d
-1

; PPR = potential production removal, %; SSR = initial 

standing stock removal, %). 

Experiment C0 I Pp Pr PPR SSR 

sur_O36 11.25 ± 0.78 7.86 6.89 -3.88 362.3 118.4 

sur_O37B 10.30 ± 1.45 22.26 85.57 -3.45 207.1 184.6 

sur_CF16 6.82  ± 0.64 9.94 25.48 -3.66 237.8 176.0 

deep_O37B 0.39 ± 0.03 0.53 0.51 -0.11 105.1 135.4 

deep_CF16 3.80 ± 0.40 10.61 12.34 -7.18 86.0 279.2 

deep_OL107 3.39 ± 0.45 6.52 7.23 -2.54 90.1 192.5 
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In situ bacterial diversity 

OUT richness, Shannon-Wiener (H’) and Pielou (J) indices were calculated from ARISA 

profiles, considering the number of peaks as representative of the species number (phylotype 

richness) and the peak height as an indication of phylotype abundance (Table 5, Figure 1). In 

situ surface communities contained 61-82 OTUs (average 72.25 ± 8.77), with H’ index of 

3.38 ± 0.40 and J index of 0.79 ± 0.08. OTUs richness in mesopelagic communities varied 

from 22 to 49 phylotypes (average 36.00 ± 10.22), with H’ index of 2.46 ± 0.41 and J index of 

0.70 ± 0.15. OTUs richness and Shannon-Wiener were significantly higher in surface 

communities (p<0.05), whereas there was no significant difference in evenness values 

(p>0.05). 

 

Table 5 - Bacterial community biodiversity. OTU richness, Shannon-Wiener index (H’) and Pielou index (J) 

calculated from ARISA profiles in surface and mesopelagic experiments. Only peaks accounting for >0.1% of the 

total electropherogram fluorescence were considered (t0: in situ community at the beginning of the incubation 

period, t24(<10): treatment containing whole HNF community; t24(<3): treatment containing only small HNF). 

 deep_O37B deep_CF16 deep_OL107 

 
t0 t24(<10) t24(<3) t0 t24(<10) t24(<3) t0 t24(<10) t24(<3) 

N. OTU 32 42 26 42 34 35 49 60 63 

H’ 3.12 1.71 1.88 2.32 2.09 2.02 2.01 2.59 2.86 

J 0.90 0.46 0.58 0.62 0.59 0.57 0.52 0.63 0.69 

 sur_O36 sur_O37B sur_CF16 

 
t0 t24(<10) t24(<3) t0 t24(<10) t24(<3) t0 t24(<10) t24(<3) 

N. OTU 75 77 72 82 75 64 61 67 69 

H’ 3.34 3.37 3.13 3.61 3.45 3.25 2.83 2.89 2.73 

J 0.77 0.77 0.73 0.82 0.80 0.78 0.69 0.69 0.64 

 

 
Figure 1 - Bacterial community structure. Stacked histograms illustrate phylotype richness and distribution 

among bacterial communities in surface (A) and mesopelagic (B) waters. Data were obtained from ARISA 

profiles, considering peaks accounting for >0.1% of the total electropherogram fluorescence.  
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Rank-abundance graph revealed left-skewed community distributions (Figure 2). Among all 

phylotypes, about 71% and 54% were considered rare in surface and deep environment, 

respectively.  

 
Figure 2 - Bacterial phylotypes distribution. Left-skewed rank-abundance curves suggest that 

communities are dominated by rare organisms. Data were obtained from ARISA profiles, considering 

peaks accounting for >0.1% of the total electropherogram fluorescence. 

 

Effects of grazing in surface communities 

In surface experiments, variations in Shannon-Wiener and Pielou indices were calculated to 

evaluate how diversity varies in response to different predation pressure (Table 6, Figure 3). 

In all experiments both indices remained constant in t24(<10) compared to t0 (average Hratio 

0.99 ± 0.04, average Jratio 0.99 ± 0.02). In t24(<3) treatments indices were slightly lower than t0 

(Hratio 0.93 ± 0.03, Jratio 0.94 ± 0.01). 

 

Table 6 - Effects of HNF predation on bacterial communities. To evaluated changes in richness and evenness, 

ratio between Shannon-Wiener (H’) and Pielou (J) indices between the beginning (t0) and the end of the 

incubation period with all grazers t24(<10) and small grazers t24(<3) was calculated for each experiment. 

Percentages indicate the fraction of bacterial phylotypes within each community showing significant variations (t 

test, p<0.05) after the 24h incubation.  

 
sur_O36 sur_37B sur_CF16 deep_O37B deep_CF16 deep_OL107 

Hratio t24(<10) 1.01 0.95 1.02 0.55 0.90 1.29 

Hratio t24(<3) 0.94 0.90 0.96 0.60 0.87 1.42 

Jratio t24(<10) 1.00 0.97 1.00 0.51 0.95 1.23 

Jratio t24(<3) 0.95 0.95 0.94 0.64 0.92 1.33 

Affected phylotypes in 

t24(<10) (rare phylotypes) 

68.06% 

(40.82%) 

44.12% 

(46.67%) 

32.58% 

(62.07%) 

49.12%  

(-) 

50.88% 

(41.38%) 

31.87% 

(48.28%) 

Affected phylotypes in 

t24(<3) (rare phylotypes) 

77.88% 

(47.55%) 

56.76% 

(42.86%) 

56.31% 

(43.10%) 

64.00% 

(-) 

51.47% 

(31.43%) 

45.35% 

(35.90%) 
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Figure 3 - Variations in richness and evenness of surface 

communities at different ingestion rates. Ratio was calculated 

between H’ and J indices at the beginning (t0) and the end of the 

incubation with all HNF and small HNF. Arrows indicate 

increasing ingestion rates. 

 

Analyzing fingerprinting profiles, the presence of the whole HNF communities induced 

significant changes in 48.25 ± 18.10% of the detected phylotype, while after the removal of 

larger protists the percentage increased to 63.65 ± 12.33%. A great proportion of these 

changes was attributable to rare phylotypes (49.85 ± 10.98% when the whole HNF 

community was present and 44.50 ± 2.64% when large HNF were removed). Heatmaps 

(Figure 4) confirm the numerous variations in phylotype contributions, also involving groups 

accounting 0.1-1% of the total abundance. Moreover, bacteria not detected at t0 appeared 

during the incubation, while others disappeared. 
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Figure 4 - Effect of grazing on surface community structure. Heatmaps summarize abundance 

increase/decrease of all bacterial phylotypes in the three experiments performed with surface waters. Only peaks 

accounting for >0.1% of the total electropherogram fluorescence were considered. 
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Among all phylotypes, 38 were mainly responsible of the dissimilarities observed between in 

situ and incubated samples, calculated through SIMPER analysis and considering a 

contribution threshold of 1%. Figure 5 reported their abundance variations during the 

incubation with the whole HNF communities and those recorded when only the small HNF 

fraction was present. Removal of HNF<3µm induced more marked reductions in bacterial 

groups such as 649 bp and 707 bp in sur_CF16, 631 bp in sur_O36 and 411 bp and 567 bp in 

sur_O37B. On the contrary, peaks as 391 bp and 559 bp in sur_O36 or 657 bp and 719 bp in 

sur_O37B were not influenced by the absence of larger flagellates, whose presence increased 

for example abundances of 395 bp and 629 bp in sur_CF16 experiment. 

 
Figure 5 - Impact of all HNF (A) and small HNF (B) on most representative surface bacterial 

phylotypes. Through SIMPER analysis, phylotypes contributing to at least 1% of the dissimilarities 

between t0 and t24(<10)/t24(<3) treatments were selected and their abundance changes were evaluated. 
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Effects of grazing in mesopelagic communities 

In mesopelagic layer, H’ and J variations presented a bell-shaped distribution when plotted 

against increasing ingestion rate (Table 6, Figure 6). At deep_O37B (I = 0.53 µgC L-1 d-1) a 

reduction of about -40% was detected (average Hratio 0.57 ± 0.04, average Jratio 0.57 ± 0.09) 

while at deep_CF16 (I = 10.61 µgC L-1 d-1) richness and evenness were only slightly lower 

compared to in situ conditions (average Hratio 0.88 ± 0.02, average Jratio 0.93 ± 0.03). Diversity 

measures in deep_OL107 experiment (I = 6.52 µgC L-1 d-1) were higher in both incubated 

communities compared to the beginning of the experiment (average Hratio 1.35 ± 0.09, average 

Jratio 1.28 ± 0.08).  

 
Figure 6 - Variations in richness and evenness of mesopelagic communities at different ingestion 

rates. Ratio was calculated between H’ and J indices at the beginning (t0) and the end of the incubation 

with all HNF and small HNF. Arrows indicate increasing ingestion rates. 

 

Analysis of ARISA profiles revealed that 43.96 ± 10.50% and 53.61 ± 9.51% of phylotypes 

were significantly different between the beginning and the end of the incubation in t24(<10) 

and t24(<3) treatments, respectively, and 44.83 ± 4.88% and 33.67 ± 3.16% of the detected 

variations were observed within the rare fraction. Experiment deep_O37 was not included in 

the latter calculation as rare groups did not display significant changes. Figure 7 graphically 

highlighted changes in phylotypes distribution. 
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Figure 7 - Effect of grazing on mesopelagic community structure. Heatmaps summarize abundance 

increase/decrease of all bacterial phylotypes in the three experiments performed in deep waters. Only peaks 

accounting for >0.1% of the total electropherogram fluorescence were considered. 

 

In mesopelagic experiments, SIMPER analysis identified 31 phylotypes that were mainly 

responsible of the dissimilarities observed between in situ and incubated treatments 

(contribution threshold of 1%). In Figure 8 changes in selected bacterial abundance are 
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showed. Some phylotypes displayed similar changes when the whole HNF community or 

only the small HNF fraction was present (e.g. 783b in O37B, 647 bp in CF16, 707 bp in 

OL107), whereas others responded in different ways. In t24(<3) treatment, phylotypes such as 

545 bp (experiments CF16 and OL107) or 629 bp (experiments CF16 and O37B) increased or 

diminished to a lesser extent, whereas others were more markedly reduced (e.g. 567 bp in 

O37B, 649 bp in CF16, 925 bp in OL107). Most affected phylotypes among experiments 

were 545 bp, 629 bp and 649 bp whose variations were evidenced in all experiments, even 

though with different trends. 

 
Figure 8 - Impact of all HNF (A) and small HNF (B) on most representative mesopelagic bacterial 

phylotypes. Through SIMPER analysis, phylotypes contributing to at least 1% of the dissimilarities 

between t0 and t24(<10)/t24(<3) treatments were selected and their abundance changes were evaluated. 
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Discussion 

Bacteria represent an important component of the marine plankton, comprising up to 70% and 

75% of the total biomass in surface and deep waters (Agogué et al., 2011). They are 

responsible for the cycling of the organic and inorganic compounds essential for life (e.g. 

carbon, nitrogen, phosphorus, and other elements) and are the main drivers of global 

biogeochemistry. Bacteria constitute important preys for the transfer of organic carbon from 

the dissolved fraction to higher trophic levels, through predation by heterotrophic 

nanoflagellates (HNF) but also by ciliates and the mesozooplankton (Azam et al., 1983). 

Communities undergo not only morphological and physiological changes when subjected to 

protist predators, but also diversity is affected.  

We previously quantified HNF grazing impact on picoplankton assemblages in surface and 

deep layers of the Southern Adriatic and Northern Ionian Sea (manuscript 1, p. 25). Here, we 

wanted to assess how bacterial diversity responds to HNF grazing. In situ prey communities 

were more abundant in surface layer, with a reduction of one order of magnitude with depth. 

Dilution experiments highlighted clear predation effects as the grazing rate was always higher 

than prey growth, causing the removal of 93.73 ± 10.05% and 269.07 ± 82.19% of the 

potentially produced prey biomass in deep and surface waters, respectively. Grazing rates did 

not display significant differences along the water column, despite values recorded in meso- 

and bathypelagic layers are generally lower than those in the epipelagic because of the 

temperature effect, well-known to affect HNF grazing rates (Arístegui et al., 2009). As 

Mediterranean Sea is characterized by warm temperature along the whole water column 

(Danovaro et al., 2010), the absence of a steep decrease in grazing rates with depth was not 

surprising. 

Higher richness was recorded in natural surface assemblages compared to mesopelagic 

communities. Pielou index was similar among all samples, indicating that communities were 

characterized by the same phylotypes distribution. A slight decline of about 25-30% from the 

epipelagic layer to the bathypelagic waters has been detected also in North Atlantic (Agoguè 

et al., 2011) and North Pacific Oceans (Hewson et al., 2006a) and in the NW Mediterranean 

Sea (Moeseneder et al., 2001), while a diversity increase with depth was recorded by 

Pommier et al. (2010). As expected, communities were dominated by high proportions of rare 

phylotypes, that represented the majority of the observed richness. Organisms accounting less 

than 1% of total abundance constituted more than half of the total number of phylotypes in all 
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samples, with higher percentages in surface communities (71%) compared to deep waters 

(54%). Despite the lower richness and rare biosphere contribution, mesopelagic system in the 

Southern Adriatic and Northern Ionian Seas hosted bacterial communities as complex as those 

in photic layer, despite the biomass decrease.  

In all experiments, replicate treatments were significantly coherent. Given the high 

reproducibility between replicated independent fingerprints, fragment fluorescence was 

assimilated to phylotype’s abundance and any significant change between peak heights was 

judged to be due to real changes in the bacterial community. This allowed us to highlight 

statistically significant differences between individual phylotypes as well as between 

community fingerprints as a whole.  

In surface experiments, Shannon-Wiener and Pielou indices were almost constant between the 

beginning and the end of the incubation period in the presence of the whole predators 

communities (t24(<10) treatment) whereas the absence of larger HNF (t24(<3) treatment) 

caused small richness and evenness reductions. Differences were not evidenced among the 

experiments. In deep experiments responses were more diversified. H’ and J variations 

presented a bell-shaped distribution when related to ingestion rates. At the lowest I (0.53 µgC 

L-1 d-1) a strong reduction of H’ and J was recorded, while at the highest ingestion rate (10.61 

µgC L-1 d-1) richness and evenness were maintained almost constant. Similar variations were 

observed in both t24(<10) and t24(<3). Interestingly, at intermediate grazing impact (6.52 µgC 

L-1 d-1), communities were more rich and more equally distributed at the end rather than at the 

beginning of the incubation and the increment was more pronounced when only small HNF 

were present. 

Studies focused on HNF predation evidenced that grazing could positively or negatively 

affect bacterial community diversity. Our data indicated that surface and deep communities 

showed different responses to different grazing pressure. In upper communities predation did 

not cause high variations of richness or evenness indices, preserving prey diversity, also at 

high ingestion rates. The presence of larger HNF probably reduced small HNF impact on 

bacteria, thus their removal induced slightly more marked variations. On the contrary, 

mesopelagic bacterial assemblages were more sensitive to different predation efficiency, 

responding differently at different grazing impact. Low predation may likely promote the 

competition for resources, especially in oligotrophic ecosystems such as Southern Adriatic 

and Northern Ionian Seas, leading to a limited number of ecological niches, occupied by 
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bacterial specialized in nutrient uptake, as suggested by Corno et al. (2008). Interactions 

among organisms were thus simplified and diversity was reduced. Intermediate predation 

stimulated prey richness and evenness, while at highest I bacterial diversity was maintained at 

constant levels between the beginning and the end of the experiment. Preservation of bacterial 

diversity has already been correlated to predation pressure (Corno et al., 2008). The 

increasing activity of grazers probably reduces competition for the substrate and releases 

available organic matter that allows prey to develop resistant mechanisms to contrast losses. 

The development of defensive strategies is costly and correlates to productivity, thus protistan 

grazing causes stronger impacts on prey assemblages in low-substrate systems (Jürgens et al., 

1999; Hahn and Höfle 2001; Corno and Jürgens, 2008). Prokaryotic activity and availability 

of organic matter exponentially decline with depth (Arístegui et al., 2009), allowing photic 

communities to more efficiently contrast HNF presence and be more stable.  

The analysis of phylotypes composition confirmed that predation shapes community 

structure, altering abundance of individual phylotypes within the prey assemblage. We found 

changes in bacterial community composition over the 24h incubation with both the whole 

natural predators community and small grazers. Some phylotypes displayed more marked 

variations in one of the two treatments. Removal of HNF>3µm evidenced that some groups 

are preferentially grazed by small flagellates (e.g. 925 bp and 567 bp in deep communities, 

707 bp and 631 bp in surface) and other are favored by their absence (e.g. 545 bp in deep 

OL107 and CF16, 411 bp in surface O37B). Predation activity releases organic matter 

through the so called ‘sloppy feeding’ (Eppley et al., 1981). During incubation nutrient 

availability likely increased and bacteria that were not heavily subjected to grazing mortality 

benefitted by conditions that promoted cell growth. Finally, reduction of phylotypes 

exclusively in experiments where all HNF were present indicated that larger flagellates can 

graze not only on small protist but also directly on bacteria. Recently, protists larger than 3µm 

have been proposed as potential grazers of HNF<3µm, thus reducing predation pressure on 

prokaryotes (Vaqué et al., 2008). In both surface and deep communities studied here, a higher 

fraction of bacterial phylotypes displayed significant changes when larger HNF were 

removed, compared to those detected when the whole protist community was present. Data 

suggest that the presence of large grazers partially reduced small flagellates impact on prey 

assemblages, corroborating the hypothesis of a trophic cascade characterizing the microbial 

trophic interactions. Larger HNF seemed to have a more important role within microbial food 
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web in surface communities, where the presence or absence of larger HNF induced more 

dissimilarities than those observed within deep assemblages. 

Abundance variations were observed also within the rare compartments, excluding that 

grazers consume only abundant cells. Moreover, results excluded that rare organisms 

constitute only a slow-growing ‘seed bank’ whose role would become important only in case 

of environmental alterations, as initially supposed (Pedrós-Alió, 2006). Contrary, rare 

biosphere is actively involved in carbon flow within microbial trophic web, underlying its 

importance in the marine ecosystems and in biogeochemical cycles. 

Among phylotypes emerged from SIMPER analysis, fifteen were detected in both surface and 

mesopelagic experiments. Most affected ones among all experiments were 545 bp, 629 bp, 

631 bp, 649 bp and 707 bp, and some of them (e.g. 567 bp in experiments O37B and 649 bp 

in experiments CF16) responded with the same abundance changes in both upper and deep 

layers. It is well known that some bacterial species are present throughout the water column 

while other are distinctive for particular depths (Moeseneder et al., 2001). Analogies between 

surface and bottom waters and among station suggested that some trophic interaction could be 

‘universal’ while other are peculiar for individual environments. 

The comparison between surface and deep communities evidenced that photic trophic web 

was more stable, with minor alterations of richness and evenness of the prey communities. 

Despite these low variations in diversity indices between the beginning and the end of the 

experiments, responses of individual phylotypes were more diversified in surface 

experiments, suggesting that photic microbial food webs are characterized by more complex 

interactions. This could be ascribable to the presence of additional biological compartments 

compared to the dark ocean, such as phototrophic prokaryotes and flagellates that increase 

interconnections and thus contribute to community stability. Moreover, in surface 

experiments some phylotypes displayed similar variations between O36 and O37B but 

different to CF16. The Southern Adriatic bacterial communities (O36 and O37B) are likely 

more similar to each other than Ionian ones as confirmed by Bray-Curtis index. Dissimilarity 

between O36/O37B and CF16 was 0.70, dissimilarity between O36 and O37B was 0.57. 

Community structure is known to be affected by water mass characteristic (DeLong et al., 

2006; Hewson et al., 2006b) and the two basins were characterized by two different water 

masses as evidenced by CTD profiles (data not shown). Similarities in phylotypes variations 

in Southern Adriatic experiments evidenced that distinct communities could establish 
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different trophic interaction, influencing the balance between flagellate top-down control and 

other biological drivers controlling bacteria (e.g. nutrient supply, viral lysis). 

 

Conclusions 

In the present study, we evidenced that HNF grazing can influence bacterial community 

diversity in both surface and deep marine systems. However, some differences were observed. 

Rare phylotypes were more abundant in surface waters, where food web was more complex 

compared to mesopelagic layers and predation preserved community biodiversity. 

Mesopelagic communities were more sensitive to grazing impact, where moderate top-down 

control can be fundamental to shape and preserve natural bacterial communities. Large HNF 

can indirectly lighten small HNF impact on bacteria and directly contribute to 

bacterioplankton biomass losses, having a more important role in photic systems compared to 

mesopelagic waters. Taxonomic prey and predator community composition and system 

trophy must be considered when phylotype response to protist presence are under study but 

analogies were found, indicating that some interactions can be considered common to distinct 

systems while other are characteristic of specific environments. 
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Abstract 

Phagotrophic protists constitute one of the major source of prokaryotic mortality in marine 

ecosystems, acting as a strong selection pressure on communities. As individual prokaryotes 

can develop distinct grazing-resistant mechanisms, protozoans may alter the species 

contribution to the prey assemblage. Changes in the taxonomic composition of prokaryotic 

assemblages in response to HNG predation was here evaluated through Ion Torrent 

sequencing at high phylogenetic resolution in surface and mesopelagic waters of the Southern 

Adriatic and Ionian Seas. Natural archaeal assemblages were characterized by highly low 

richness as only two recovered genera (Cenarchaeum and Nitrosopumilus), preventing any 

investigation of HNF impact on Archaea. In situ bacterial communities were composed by the 

six major phyla (Proteobacteria, Cyanobacteria, Bacteroidetes, Actinobacteria, Firmicutes and 

Deinococcus-Thermus), whose contribution varied according to sampling depth. Over 65% of 

the predated phylotypes belonged to the rare biosphere. Rare bacteria are thus not only a 

dormant seed bank but actively vector the carbon transfer within the pelagic food webs, being 

as important as dominant organisms. The fraction of bacterial taxa favored or affected by 

predation when small HNF were the only predators more markedly varied in surface 

experiments, while few families changes their behavior between the two size treatments in 

deep experiments. Larger flagellates could thus have a more important role in photic 

microbial food webs. Although general patterns applicable to all communities were not found, 

trends of selectivity over different phylotypes were highlighted within sampling layer along 

the water column and between different systems (e.g. Burkholderiaceae and 
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Pseudomonadaceae were exclusively selected in all mesopelagic sites, Bacterivoracaceae 

were subjected to small HNF predation independently from sampling site or depth). 

 

Introduction 

The concept of the microbial loop, developed by Azam et al. (1983), illustrates carbon and 

nutrients fluxes in the ocean (Nagata, 2008). Prokaryotes (Bacteria and Archaea) constitute 

the consumers of half or more of the marine primary production (Robinson, 2008) and are in 

turn consumed by protists (Jürgens and Massana, 2008) and lysed by viruses (Breitbart et al., 

2008). Phagotrophic organisms include heterotrophic and mixotrophic taxa within the size 

range of 2-200 µm and constitute one of the major prokaryotic mortality factor in aquatic 

systems, acting as a strong selection pressure on communities (Pernthaler, 2005). Our current 

understanding on microbial interactions is mostly based on observations obtained from 

surface communities, while less is known about deep ecosystems. The dark ocean distinctly 

differs from the epipelagic layer by physicochemical characteristics (e.g. high pressure, low 

temperature) and biological compartments (e.g. microbial abundances and interactions). The 

deep system is mainly supported by organic matter produced by processes occurring in the 

euphotic zone and exported through biotic and abiotic vectors (e.g. particle settling, migrating 

zooplankton, water-mass sinking) (Arístegui et al., 2009). For a long time, the dark ocean was 

considered as a site of negligible biological dynamism but recent studies have reported 

intense microbial activity and identified mesopelagic prokaryotes as major metabolic 

components of the ocean. About 30% of the water column–integrated prokaryotic 

heterotrophic production occurs in the mesopelagic and less than 50% takes place below the 

epipelagic layer. Heterotrophic nanoflagellates (HNF) represent important predators of 

prokaryotes in both epipelagic and deep environments, even though with some differences. In 

the euphotic layer, phytoplankton, photoautotrophic prokaryotes and mixotrophic protists, 

absent in the dark sea due to the lack of sufficient light to support photosynthesis, contribute 

to biological processes occurring in the sea and serve as the major food sources for the 

zooplankton (Herndl et al., 2008). The deep ocean harbors a simpler food web than the sunlit 

surface waters. Shifts in the composition of prokaryotic communities are commonly attributed 

to selective grazing losses, either through bacterivorous flagellates or viruses. In the euphotic 

layer top-down control is thought to prevail over bottom-up control, particularly in meso- and 

eutrophic coastal systems. In open ocean surface waters, bottom-up control seems to prevail 
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over top-down control, although shifts from bottom-up to top-down control over diel cycles 

have been reported as well. On the contrary, deep-water communities are assumed to be 

bottom-up controlled (Herndl et al., 2008). 

Grazing pressure by flagellates can both control prey biomass and impact phenotypic and 

genotypic characteristics of communities in pelagic ecosystems. Several studies have 

investigated how HNF presence can induce morphological bimodal shifts in cell size and 

shape. In condition of high protistan predation edible medium-size cells, which dominate 

communities in predator-free experiments (Hahn and Hölfe, 2001), have higher grazing losses 

due to size-selective predation. Prokaryotes can thus develop large grazing-resistant 

morphotypes (e.g. spiral-shaped bacteria, filaments or aggregates) or reduce cell volume 

(Posch et al., 1999). Also cell inactivation represents a strategy to escape from grazing. A 

study on a coastal bacterial community has demonstrated that cell inactivation combined with 

preferential grazing on active (larger) cells resulted in an increase of the percentage of 

inactive cells (del Giorgio et al., 1996). Top-down factors impact not only the size and the 

activity but also the diversity and taxonomic composition of prey communities (Hahn and 

Hölfe, 2001; Corno et al., 2008) as protozoans can select certain picoplankton taxa 

(Pernthaler et al., 2001; Šimek et al., 2002). As different phylogenetic lineages of prokaryotes 

possess distinct mechanisms to contrast grazing losses by phagotrophic protists, predation 

pressure represents a strong selective force structuring prokaryotic community composition 

(PCC) (Jürgens and Massana, 2008). Different phylotypes respond to predation in different 

ways (Corno et al., 2008; Berdjeb et al., 2011). Some phylotypes are likely to be resistant to 

grazing displaying no variations in the presence of predators while others probably are 

strongly susceptible to grazing and decrease in relative importance compared to the natural 

control. Phylotypes can also benefit from the presence of predators. HNF release nutrients 

during grazing, decreasing the competition for substrate pressure within prey community, 

thereby increasing the competitiveness of the minor phylotypes. Moreover, phagotrophic 

protists are known to be very selective consumers, recognizing various traits of their potential 

preys (Jürgens and Matz, 2002). Changes in predation pressure on prokaryotes generally lead 

to changes of PCC. Studies aimed to identify HNF selectivity towards specific bacterial taxa 

have been performed mainly in freshwater systems (Jardillier et al., 2004; Jezbera et al., 

2005; 2006; Gerea et al., 2013) through in situ hybridization techniques, targeting specific 

bacterial classes in food vacuoles. Few studies have been focused on surface and even less on 

aphotic pelagic communities at deeper taxonomic resolution. 
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Prokaryotic abundance in the epipelagic layer is one or two order of magnitude higher 

compared to values recorded in the meso- and bathypelagic waters and, similarly, also HNF 

abundance decreases with depth (Arístegui et al., 2009). A widely accepted threshold of ~2–

3×108 prokaryotes L-1 has been reported to provide sufficient encounter probability for HNFs 

to ensure efficient grazing (Fenchel, 1986). Thus a question arises about how predators can 

survive in the ocean’s interior. Moreover, prokaryotic communities in the sunlit zone are 

phylogenetically dissimilar than communities inhabiting the deep sea. Considering the 

decrease of HNF and prokaryotes abundances with depth and the selectivity of grazing 

process as a shaping force of the taxonomic structure of bacterial communities (Jürgens and 

Matz, 2002), HNF predation likely modifies PCC in different ways in surface and deep 

systems.  

We previously verified the presence of a significant predation by the whole HNF community 

(2-10 µm) on picoplankton in the surface and deep layers of the Southern Adriatic Sea (SA) 

and the Northern Ionian Sea (IS) through quantitative dilution method (manuscript 1, p. 25). 

In the present work we analyzed the same samples through Ion Torrent sequencing to show 

how grazing can affect the taxonomic composition of prokaryotic communities at high 

phylogenetic resolution. We wanted to test the hypothesis that HNF predation is selective 

toward specific phylotypes and possibly identify differences between surface and deep layers. 

We also evaluate the effects of smaller HNF bacterivory on the bacterial community 

composition. Small flagellates (<3 µm) are known to constitute an important link between 

prokaryotes and larger protists as they are the primary bacterivores in aquatic ecosystems and 

are in turn consumed by larger flagellates, ciliates and even small metazoans (Strom, 2000; 

Massana, 2011; Tsai et al., 2011). Feeding by larger flagellates on smaller ones may thus 

partially reduce grazing impact on picoplankton biomass and could complicate the 

interpretation of pelagic microbial food webs. We focused on HNF <3µm, since they were 

expected to be the most abundant size fraction (Vaqué et al., 2008).  

 

Materials and methods 

Study area 

The Adriatic basin is considered a major site of deep-water formation for the Eastern 

Mediterranean. The Adriatic Deep Water (ADW) originates during the winter due to the water 

cooling, with the contribution of the North Adriatic Deep Water (NADW), formed in the 
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north-east Adriatic, which may fill up the Southern Adriatic dense-water reservoir (Budillon 

et al., 2010). A significant year-to-year variability characterizes the dense-water outflow rates 

from the Adriatic Sea into the Ionian Sea, which is correlated to the intensity of dense-water 

formation in the Southern Adriatic. The ADW coming from the Otranto Channel plays a 

crucial role for Ionian waters, exporting dissolved nutrients (nitrate and phosphate) in the 

basin and thus providing a crucial source for biological activity of the deep layers of this 

region (Budillon et al., 2010).  

 

Samples collection 

Seawater samples were collected from sites reported in Table 1. In situ environmental 

parameters were obtained through CTD probe (Sea-Bird Electronics, Inc). 

 

Table 1 – Sampling sites. Coordinates are reported according to the WGS84 system. 

Station Sampling date LatN LongE Deph (m) Location 

surO37B 27/03/11 41.430 17.336 5.0 Southern Adriatic Sea 

surO36 26/03/11 41.380 17.267 5.0 Southern Adriatic Sea 

surCF16 02/04/11 39.286 18.181 5.0 Northern Ionian Sea 

deep37B 27/03/11 41.430 17.336 1108 Southern Adriatic Sea 

deepCF16 02/04/11 39.286 18.181 1035 Northern Ionian Sea 

deepOL107 03/04/11 39.741 18.810 674 Otranto Channel 

 

Experiment set up 

Sampled water was firstly pre-filtered on 10µm Nitex mesh to remove predators larger than 

HNF. One litre of seawater from both the beginning (t0) and the end of the incubation was 

used to estimate the effects of HNF < 10 µm predation exerted by HNF (2-10 µm) on the 

prokaryotic community composition (PCC) (treatment t24(<10)). An additional volume of 1 L 

was additionally filtered on 3 µm Durapore membrane (Millipore®) in order to remove the 

pressure given by HNF larger than 3 µm on picoplanktonic organisms (treatment t24(<3)). 

Three replicates were made for each sample. Size treatments t24(<10) and t24(<3) were 

incubated for 24 hours in condition as close as possible to the natural environment. Surface 

samples were maintained on the vessel deck with a continuous flux of water pumped from the 

sea surface. Deep samples were kept in the dark at in situ temperature. Replicated t0, t24(<10) 

and t24(<3) samples were pooled and 1.5 L each was filtered on hydrophilic 142 mm diameter 
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0.22 µm Durapore membrane (Millipore®) by a vacuum pump to collect organisms. Each 

filter was cut in four sections and each section was plunged into 7 mL of sucrose lysis buffer 

(750 mM sucrose, 50 mM Tris-HCl pH 8, 40 mM EDTA pH 8) and stored at -80°C until 

DNA extraction. All instruments were washed with 10% HCl and thoroughly rinsed with 

deionised water. 

 

DNA extraction 

A modified version of the protocol proposed by Giovannoni et al. (1990) was followed for 

DNA extraction. Samples were firstly thawed, sucrose lysis buffer volume was reduced to 

500 µL and SDS 2% was added with 400 mg of both glass beads of 0.1 mm and 0.5 mm 

diameter (Cell Disruption Media, Scientific Industries, Inc.). Cells were lysed with two steps 

of shaking at max speed for 2’ minutes and incubation at 70°C for 5’, with a final 

centrifugation of 2’. Proteinase K (final concentration 0.6 mg/mL) was added and samples 

were incubated at 55°C for 2 hours gently shaking (Distruptor Genie, Scientific Industries, 

Inc.). Glass beads were then removed and 0.6 volumes of 5M NaCl with 0.14 volumes of 

CTAB/NaCl (10% CTAB in 0.7M NaCl) were added. After the incubation at 65°C for 10 

minutes we proceeded with a traditional chlorophorm-based DNA extraction. 

In order to minimize biases caused by sampling, DNA extracted from at least two quarters of 

each filter was combined prior to subsequent analysis, as proposed by Stoeck et al. (2009). 

 

Amplification and sequencing 

The hypervariable V3 region of the 16S rDNA of both Bacteria and Archaea was amplified in 

separate reactions following a nested approach. The first round of amplification was 

performed in 15 µL reactions containing 1X KAPA 2G Fast Hot Start DNA Polymerase 

(KAPA Biosystems.), MgCl2 2.0 mM, 0.2 mM dNTPs each, 0.5 µM of each primer and 2 µL 

of DNA. Primers A21F and A958R were used to select Archaea, while primers B8F and 

U534R selected Bacteria. Amplification cycles were performed as follows: an initial 

denaturation step of 1 minute at 95°C, 15 seconds at 95°C, 10 seconds at 57°C for Archaea 

and 59°C for Bacteria, 4 seconds at 72° and 5 minutes at 72°C for a total of 35 and 25 

amplification cycles for Archaea and Bacteria, respectively. For the second round of PCR, 

two 25 µL reaction were run for each sample, containing 1X KAPA 2G Fast Hot Start DNA 
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Polymerase (KAPA Biosystems.), MgCl2 2.0 mM, 0.2 mM dNTPs each and 1.5 µL of the 

first PCR. In Archaea-specific reactions 3mM MgCl2 and 1 µM primers (A343F_P1 and 

U534R_A) were used. To Bacteria-specific amplifications 2.0 mM MgCl2 and 0.5 µM 

primers B338F_P1 and U534R_A were added. All amplification cycles were performed as 

follows: an initial denaturation step of 1 minute at 95°C, 15 seconds at 95°C, 10 seconds at 

57°C for both Archaea and Bacteria, 4 seconds at 72° and 5 minutes at 72°C for a total of 17 

cycles. The 5’-ends of the forward primers (A343F and B338F) were fused with the P-adapter 

sequence (P1), whereas the reverse primer (U534R) was fused with the A-adapter plus key 

and barcode sequences. See Table 2 for primer sequences. Before selection, primers 

specificity were tested in silico using TestProbe tool of SILVA databases, allowing one 

mismatch. Each primer presented between 90-99% similarity with targeted domain. The 

duplicated reactions were pooled together and loaded on 2% TAE agarose gel. Specific bands 

were then purified with HiYieldTM Gel/PCR DNA Fragment Extraction kit (RBCBioscience). 

Sequences were obtained through the PGM Ion Torrent sequencer by the CRIBI 

Biotechnology Centre of the University of Padoa. 

 

Table 2 – Primers sequences. In the first amplification A21F/A958R were used to select Archaea and 

B8F/U534R to select Bacteria. In the second amplification universal reverse primer U534R_A was used in 

association with A343F_P1 for Archaea detection and with B338F_P1 to target Bacteria. (1) primers were 

fused with the P1/A-adapter sequence barcode sequences to allow sequencing with Ion Torrent technology 

(primer sequence underlined); (*) primer A343F was obtained unifying sequences reported in Wang and 

Qian (2009) and Gantner et al. (2011) 

Primer name Primer sequence (5’-3’) Specificity Reference 

A21F TTCCGGTTGATCCYGCCGGA Archaea DeLong, 1992 

A958R YCCGGCGTTGAMTCCAATT Archaea DeLong, 1992 

B8F AGAGTTTGATCCTGGCTCAG Bacteria Lane, 1991 

U534R ATTACCGCGGCTGCTGG Universal Muyzer et al., 1993 

A343F_P1 
(1)

 CCTCTCTATGGGCAGTCGGTGAT 

TAYGGGGYGCASCAGGC 

Archaea Wang and Qian, 2009; 

Gantner et al., 2011
(*)

 

B338F_P1 
(1)

 CCTCTCTATGGGCAGTCGGTGAT 

ACTCCTACGGGAGGCAGCAG 

Bacteria Huse et al., 2008 

U534R_A 
(1

) CCATCTCATCCCTGCGTGTCTCCGACTCAG 

(barcode)ATTACCGCGGCTGCTGG 

Universal Muyzer et al., 1993 
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Data analysis 

Barcoded multiplex sequences were initially trimmed and quality checked with the CLC 

Genomics Workbench, ver. 5.5 (CLC Bio), considering a minimum sequence length of 150 

bp, a maximum of 2 ambiguous basepairs and a quality sequence limit of 0.5. Sequences were 

then split into separate libraries according to barcodes. The high-quality dataset created after 

trimming and quality check was uploaded in MG-RAST (http://metagenomics.anl.gov/; 

Meyer et al., 2008). M5RNA database was used for the best hit taxonomic classification, 

considering an identity threshold of 93% and a minimum alignment length of 75 bp and 50bp 

for Bacteria and Archaea datasets, respectively. To reduce the possible effect of sequencing 

artifacts without excluding ‘rare’ taxa, defined as those accounting for 0.1-1% of the total 

abundance (Fuhrman, 2009), we considered only taxa with a frequency ranging between 0.1% 

and 100% in subsequent analysis. MG-RAST and Metageneassist 

(http://www.metagenassist.ca/METAGENassist/faces/Home.jsp; Arndt et al., 2012) tools 

were employed to graphically illustrate taxonomic community composition (rarefaction 

curves, taxonomic distribution, heatmap). The output from the taxonomic classification was 

further analysed using Metastats (http://metastats.cbcb.umd.edu/; White et al., 2009) to detect 

significant abundance variations in the taxonomic groups. 

 

Results 

Environmental data 

Environmental parameters recorded in sampling sites are reported in Table 3. 

 

Table 3 – In situ environmental parameters. Parameters were measured through CTD multi-profile 

sensor (SA: Southern Adriatic Sea, IS: Northern Ionian Sea, SO: Strait of Otranto) 

Station Basin 
Deph 

(m) 

Temperature 

(°C) 

Salinity 

(PSU) 

Density 

(kg m
-3

) 

Oxygen 

(mL L
-1

) 

Chl a 

(µg L
-1

) 

surO36 SA 5 13.84 38.67 28.83 5.46 0.075 

surO37B SA 5 14.58 38.51 28.78 5.32 0.079 

surCF16 IS 5 15.39 38.54 28.61 5.31 0.058 

deepO37B SA 1108 13.21 38.70 29.26 4.45 0.015 

deepCF16 IS 1035 13.69 38.72 29.16 4.25 0.012 

deepOL107 SO 674 13.68 38.71 29.15 4.35 0.012 
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HNF grazing impact on picoplankton 

HNF predation impact on prokaryotes was quantified for both surface and deep communities 

through dilution experiments (manuscript 1, p. 25). Parameters describing carbon flow are 

summarized in Table 4.  

Table 4 – HNF grazing impact on hetero- e autotrophic prokaryotes in surface and mesopelagic waters. 
Parameters describe carbon flow from picoplanktonic assemblages to higher trophic levels due to HNF grazing 

(C0 = picoplankton biomass at the beginning of the experiment, µgC L
-1

; g = picoplankton grazing mortality; k = 

picoplankton growth; I = ingestion rate, µgC L
-1

 d
-1

; Pp = picoplankton potential production, µgC L
-1

 d
-1

; Pr = 

real picoplankton production, µgC L
-1

 d
-1

; PPR = potential production removal, %; SSR = initial standing stock 

removal, %). 

Experiment C0 K g I Pp Pr PPR SSR 

HNF grazing on heterotrophic prokaryotes 

surO36 7.02 ± 0.51 0.25 0.61 3.57 1.95 -2.13 209 46 

surO37B 6.85 ± 0.79 2.24 2.79 14.73 57.76 -2.87 105 94 

surCF16 4.33 ± 0.38 1.02 1.67 5.31 7.67 -2.07 127 81 

deepO37B 0.39 ± 0.03 1.29 1.57 0.53 0.51 -0.11 105 135 

deepCF16 3.80 ± 0.40 3.25 5.14 10.61 12.34 -7.18 86 279 

deepOL107 3.39 ± 0.45 2.14 2.89 6.52 7.23 -2.54 90 193 

HNF grazing on autotrophic prokaryotes 

surO36 4.23 ± 0.27 0.77 1.31 4.29 4.94 -1.75 153 73 

surO37B 3.46 ± 0.66 2.2 2.39 7.53 27.81 -0.58 102 91 

surCF16 2.50 ± 0.26 1.94 2.95 4.63 14.81 -1.59 111 95 

 

Ingestion rates of heterotrophic cells varied from 3.57 to 14.73 µgC L-1 d-1 and from 0.53 to 

10.61 µgC L-1 d-1 in surface and mesopelagic experiments, respectively, while I calculated for 

autotrophic bacteria ranged from 4.29 to 7.53 µgC L-1 d-1, leading to negative prey biomass 

production in all experiments (between -0.11 and -7.18 µgC L-1 d-1). HNF grazing induced 

picoplankton losses up to 135 ± 41% of the potentially produced biomass in euphotic waters 

and 94 ± 10% in deep waters. 

 

Sequence data 

With Bacteria-specific primers, 82.5 ± 9.1% of the sequences were identifies as belonging to 

the Bacteria domain, 0.6 ± 0.1% to the Eukaryota domain, 15.2 ± 10.0% were unassigned and 

1.64 ± 1.2% were unclassified (Table 5). Almost all sequences recovered by Archaea-specific 

primers belonged to the Archaea domain (99.98 ± 0.04%), with 0.05 ± 0.06% classified as 

Bacteria. In one sample, 0.01% of the sequences were identified as unassigned. 
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Table 5 – Specificity of employed primers. Systems A21F/A958R and A343F_P1/U534R_A were used to 

select Archaea, B338F_P1/U534R_A to target Bacteria. 

Taxonomic identification Bacteria-specific primers Archaea-specific primers 

Archaea n.d. 99.91 – 100.00% (99.98 ± 0.04%) 

Bacteria 64.71 - 95.09% (82.50 ± 9.12%) 0.01 – 0.09% (0.05 ± 0.06%) 

Eukaryota 0.02 – 4.10% (0.64 ± 1.01%) n.d. 

unassigned 3.02 – 34.64% (15.22 ± 10.02%) 0.01% (1) 

unclassified sequences 0.25 – 4.19% (1.64 ± 1.18%) n.d. 

 

All rarefaction curves reported in Figure 1 exited from the exponential phase, reaching the 

plateau.  

 
Figure 1 – Rarefaction curves. Curves were based on 3% genetic distance of the OTUs and were 

obtained through the MG-RAST visualization tool. 

 

In situ archaeal communities 

All sequences obtained with Archaea-specific primers were assigned to two genera, 

Cenarchaeum and Nitrosopumilus, that belong to families Cenarchaeales and 

Nitrosopumilales (phylum Thaumarchaeota), respectively (Figure 2). In stations deepO37B, 

deepCF16, deepOL107 and surCF16, Cenarchaeum accounted for 99.08 ± 0.70% of total 

abundance, with a minor contribution of Nitrosopumilus (0.92 ± 0.70%). In stations surO36 

and surO37B, Cenarchaeum represented 54.47 ± 7.19% of the community, while 

Nitrosopumilus was 45.53 ± 7.19%. 
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Figure 2 – Archaeal distribution. Two genera (Cenarchaeum and Nitrosopumilus ) were recovered from 

taxonomic identification obtained with M%RNA database within the MG-RAST pipeline. 

 

Performance of primer pairs used to prepare the archaeal library was evaluated by running an 

in silico amplification with the TestPrime tool (v1.0) of ARB-SILVA database 

(http://www.arb-silva.de/search/testprime/; Klindworth et al., 2012), that computes primer 

coverage for all taxonomies offered by SILVA (Table 6). Primer recovered 67.3-77.4% of all 

archaeal sequences in the database. Within this domain, all phyla presented high coverage 

values, especially the most important ones (83.5-91.1% of Crenarchaeota, 63.7-92.2% of 

Euryarchaeota, 87.7-92.2% of Korarchaeota, 69.6-54.3% of Thaumarchaeota). 

 

Table 6 – Archaea-specific primer coverage for Archaea, Bacteria and 

Eukaryota domains. Percentages indicate coverage in the corresponding 

taxonomy (MHVG-1: Marine Hydrothermal Vent Group 1; MHVG-2: Marine 

Hydrothermal Vent Group 2; AAG: Ancient Archaeal Group) 

Taxonomy A21F / A958R A343F / U534R 

Archaea 67.3% 77.4% 

Crenarchaeota 83.5% 91.1% 

Euryarchaeota 63.7% 92.2% 

Korarchaeota 87.5% 45.1% 

Thaumarchaeota 69.6% 54.3% 

MHVG-1 87.5% 100.0% 

MHVG-2 n.d. 50.0% 

AAG n.d 40.0% 

Bacteria n.d. 0.1% 

Eukaryota n.d. 1.3% 
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In situ bacterial communities 

We identified a total of 84 taxa at genus level (Table S1). Most of the taxa (72.88 ± 9.36% in 

the epipelagic and 62.93 ± 7.92% in the deep waters) accounted for 0.1-1% of total bacterial 

abundance, being thus considered rare (Figure 3). They represented altogether the 4.83 ± 

1.93% and 10.32 ± 4.51% of the whole surface and mesopelagic bacterial assemblages. In 

epipelagic waters H’ and J varied from 1.38 to 1.72 and from 0.44 to 0.53. In deep 

communities, H’ was 1.82-2.34 and J was 0.54-0.62. 

 
Figure 3 – Bacterial distribution. Rank-abundance curves of bacterial genera (genetic distance of 3%). 

Left-skewed distribution suggests the dominance of rare groups. 

 

In both surface and deep waters, communities were dominated by Proteobacteria (epipelagic 

67.51 ± 3.76%, mesopelagic 86.65 ± 4.71%) but class composition differed between the two 

systems (Figure 4, Table 7). In euphotic samples, Alphaproteobacteria were the main 

subgroup (59.09 ± 7.15%) followed by Gammaproteobacteria (13.10% in station surCF16 and 

5.00 ± 1.40% in stations surO36 and surO37B). Betaproteobacteria were more abundant in 

station surO37B (0.49%) than in station surCF16 (0.11%), but where not detected in station 

surO36. Delta- and Epsilonproteobacteria were detected only in stations surO36 (0.21%) and 

surO37B (0.17%), respectively. In deep layer, stations deepCF16 and deepOL107 presented 

similar class subdivision. Proteobacteria belonged principally to Gamma- subclass (51.54 ± 

8.91%), followed by Alpha- (31.58 ± 4.29%), Delta- (1.35 ± 0.29%) and Beta- (0.61 ± 0.26%) 

subclasses. In station deepO37B the most abundant organisms belonged instead to 

Alphaproteobacteria (53.63%), with lower contributions of Gamma- (14.74%), Beta- (6.54%) 

and Deltaproteobacteria (2.37%).  
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In surface communities Cyanobacteria were present at 27.59 ± 7.15%. Bacteroidetes 

contribution varied from 0.80% (station surCF16) to 7.21% (station surO36). Deinococcus-

Thermus and Actinobacteria were observed only in stations surO36 (0.12%) and surO37B 

(2.61%), respectively.  

In mesopelagic waters Firmicutes, Bacteroidetes Actinobacteria and accounted for 2.01 ± 

0.60%, 1.30 ± 0.27% and 0.90 ± 0.60% of total Bacteria, respectively. Deinococcus-Thermus 

varied from 0.63% to 10.16%. Cyanobacteria were recorded at low frequency in stations 

deepOL107 and deepO37B (0.41 ± 0.12%) but at slightly higher percentage in station 

deepCF16 (8.22%). 

 

Table 7 – Bacterial phyla and classes contribution to surface and mesopelagic communities (taxonomic 

identification was performed with MG-RAST best hit classification pipeline, using the M5RNA database and 

genetic distance of 3%). 

 
sur_O36 surO37B surCF16 deepO37B deepCF16 deepOL107 

Proteobacteria 71.77% 66.10% 64.66% 83.29% 84.62% 92.04% 

       

Alphaproteobacteria 65.26% 60.77% 51.25% 53.63% 34.61% 28.54% 

Gammaproteobacteria 5.99% 4.01% 13.10% 14.74% 45.24% 57.84% 

Betaproteobacteria - 0.49% 0.11% 6.54% 0.79% 0.42% 

Deltaproteobacteria 0.21% - - 2.37% 1.55% 1.14% 

Epsilonproteobacteria - 0.17% - - - - 

       

Cyanobacteria 19.49% 30.28% 33.01% 0.49% 8.22% 0.32% 

       

Synechococcus 81.42% 80.48% 62.73% 100.00% 74.22% 100.00% 

Prochlorococcus 18.58% 19.52% 37.27% 0.00% 25.78% 0.00% 

       

Bacteroidetes 7.21% - 0.80% 1.39% 1.50% 0.99% 

       

Deinococcus-Thermus 0.12% - - 10.16% 0.63% 1.42% 

       

Actinobacteria - 2.61% - 1.44% 1.00% 0.25% 

       

Firmicutes - - - 1.81% 1.54% 2.69% 

 



HNF grazing impact on taxonomic composition of marine prokaryotic community 

84 

 

 

Heatmap (Figure 5) illustrates community distribution based on genus composition. Cluster 

analysis separated communities according to sampling depth. In deep environment, sample 

collected in the Strait of Otranto (deepOL107) was more similar to the Ionian sample 

compared to the Southern Adriatic one. In surface samples the geographical discrimination of 

communities was not observed.  
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Some bacterial taxa significantly distinguished between surface and deep waters (p<0.05) 

(Table S1). Genera Synechococcus, Prochlorococcus (Cyanobacteria) and Roseobacter 

(family Rhodobacteraceae) were more represented in surface communities, whereas 

mesopelagic communities were characterized by members of families Bacillaceae, 

Paenibacillaceae, Burkholderiaceae, Pseudoalteromonadaceae and Thermaceae. 

 

 
Figure 5 – Community clustering. The heatmap was obtained with Metageneassist tool, based on Bray-Curtis 

dissimilarity metrics and Ward clustering algorithm. 
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Impact of HNF grazing on taxonomic community composition 

Changes in bacterial taxonomic composition between the beginning of the experiment (t0) and 

treatment t24(<10) were evaluated to assess the effects of whole HNF community (2-10 µm) 

on their preys (Table S2). We detected a total of 57 families displaying significant variations 

between the two treatments (p<0.05). In surface experiments 19.00 ± 4.58 taxa had significant 

changes (66.94 ± 11.96% decreased and 33.06 ± 11.96% increased). In deep experiments, 

significant variations were observed in 36.00 ± 5.57 taxa (69.39 ± 13.97% decreased and 

30.61 ± 13.97% increased). Most of the affected taxa belonged to the rare biosphere (68.67 ± 

8.96% of the detected phylotypes). Twenty-six families were typical of mesopelagic 

experiments, only 4 were specific to surface experiments and 27 were detected in both 

systems. Bacteria mainly showed distinct variations in different experiments, but some 

families had the same responses. Abundance of families such as Alteromonadaceae, 

Bradyrhizobiaceae, Rhizobiaceae, Rhodobacteraceae, Sphingomonadaceae decreased in all 

surface experiments where they were detected, while families Oceanospirillaceae and 

Shewanellaceae increased. In all mesopelagic experiments, members of Anaplasmataceae, 

Burkholderiaceae, Oxalobacteraceae, Paenibacillaceae, Pseudomonadaceae and 

Sphingomonadaceae displayed abundance decrease. Cytophagaceae and Flavobacteria 

increased.  

 

Impact of small HNF grazing on taxonomic community composition 

Treatment t24(<3) was set up removing larger flagellates (3-10 µm). Significant changes were 

detected for a total of 60 taxa comparing the beginning and the end of the incubation period 

(p<0.05; Table S3). In surface experiments 19.33 ± 3.21 taxa had significant changes (49.96 ± 

10.51% decreased and 50.04 ± 10.51% increased). In deep experiments, significant variations 

were observed in 36.67 ± 10.97 taxa (74.92 ± 3.18% decreased and 25.08 ± 3.18% increased). 

Most of the affected taxa belonged to the rare biosphere (67.17 ± 7.47% of the detected 

phylotypes). Twenty-seven families were typical of mesopelagic experiments, only 5 were 

specific to surface experiments and 28 were detected in both systems. Abundance of 

Bacterivoracaceae, unclassified Alphaproteobacteria and Kordiimonadales decreased in all 

surface experiments where they were detected, while families such as Alteromonadaceae, 

Cytophagaceae, Flavobacteriaceae, Shewellaceae and Sphingobacteriaceae increased. In all 

mesopelagic experiments, members of Anaplasmataceae, Burkholderiaceae, 
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Flavobacteriaceae, Oxalobacteraceae, Paenibacillaceae, Pseudomonadaceae, Thermaceae 

displayed abundance decrease. Families such as Enterobacteriaceae, 

Pseudoalteromonadaceae, Shewanellaceae increased.  

 

Discussion 

The prokaryotic community of aquatic systems plays a fundamental role in global 

biochemical cycles. Prokaryotes are involved in the transformation and mineralization of the 

organic matter and constitute an enriched food source within food webs, vectoring energy and 

carbon toward higher trophic levels via predation by heterotrophic nanoflagellates, which, in 

turn, attract larger protists and metazoans. HNF grazing, in association with resource 

availability and viral lysis, is thus considered one of the most important environmental factor 

controlling prey community, affecting abundance, activity and community structure. The 

presence of grazers can influence the relative contribution of individual bacterial phylotypes 

to the whole community as different phylotypes respond to predation pressure in different 

ways (Hahn and Hölfe, 2001; Corno et al., 2008; Berdjeb et al., 2011). Occurrence or 

enhancement of grazing pressure thus changes the taxonomic structure of bacterial 

communities. The present study builds on our previous work (manuscript 1, p. 25), where 

HNF grazing impact on prokaryotic communities in surface and mesopelagic waters of 

Southern Adriatic and Northern Ionian Seas was quantified. HNF were confirmed as an 

important factor of top-down control on prokaryotic biomass, as grazing rates always 

exceeded prey growths. In all experiments, HNF grazing removed a consistent fraction of the 

potentially produced prokaryotic biomass, confirming that phagotrophic flagellates control 

prey abundance in marine environments. 

To evaluate which prokaryotic groups were more affected by protist predation, we sequenced 

16S rDNA V3 hypervariable region. Primers targeting Bacteria and Archaea organisms were 

confirmed to be specific for the domain of interest, as negligible fractions of sequences were 

identified as belonging to other domains. The sequencing effort was large enough to capture 

the complete diversity of the communities under study as rarefaction curves of all samples 

levelled off with increasing sample size. 
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In situ archaeal communities 

Archaea represent a fundamental component of marine prokaryotic communities. The relative 

abundance of Archaea is dependent on the environment and the season and can represent 

approximately 20% of the total microbial planktonic population (Karner et al., 2001; 

Robertson et al., 2005). Although initially thought to inhabit only extreme environments, they 

are now known to be widespread in all world’s oceanic waters. Archaea contribute 

significantly to pelagic metabolism playing an important role in the global cycles of carbon 

and nitrogen. This domain comprises a variety of metabolically and physiologically diverse 

organisms including ammonia oxidizers, methanogens, extreme halophiles and sulfate 

reducing species (Bapteste et al., 2005; Könneke et al., 2005; Garrett and Klenk, 2006; Cao et 

al., 2013).  

The two major phyla, Crenarchaeota and Euryarchaeota, were expected to be identified in our 

samples as they are the main archaeal organisms in pelagic environments (Karner et al., 2001; 

Church et al., 2003; Herndl et al., 2005). Although marine Crenarchaeota (also called Group 

I), the most abundant archaeal group in the oceans, is sporadically present in surface layers 

and never numerically abundant, it represents significant component of deep sea microbiota 

(25-40%), as common as Bacteria. Marine Euryarchaeota are divided in two groups. Group II 

is more abundant in the upper layer and declines below the photic zone, whereas Group III 

can be recovered at all depths at lower frequency and is quite stable throughout the entire 

water column (10-17%). Another sub-division, Korarchaeota, proposed as a relatively archaic 

archaeal lineage (Barns et al., 1996; Huber et al., 2002), has been found in the deep waters of 

several oceanic provinces as well. Surprisingly, all sequences obtained from our water 

samples with archaeal-specific primers belonged to the phylum Thaumarchaeota, whereas 

previous mentioned phyla were not observed. Moreover, only two genera were identified, 

Cenarchaeum and Nitrosopumilus (families Cenarchaeaceae and Nitrosopumilaceae). 

Thaumarchaeota, initially classified as ‘mesophilic Crenarchaeota’, have been firstly 

described as a distinct phylum by Brochier-Armanet and colleagues (2008a) and are now 

considered a separate and deep-branching lineage within Archaea phylogeny emerged before 

the divergence between Euryarchaeota and Crenarchaeota (Brochier-Armanet et al., 2008b). 

Taumarchaeota contribute significantly to the global N- and C-cycles in both marine and 

terrestrial environments (Hu et al., 2013). Autotrophic and possibly mixotrophic lifestyles 

have been proposed as some of them are able to oxidize ammonia aerobically but others 
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display autotrophic carbon metabolism. Their presence in both mesophilic and thermophilic 

environments (de la Torre et al., 2008) confirms the wide range of phenotypes present in this 

phylum. Ammonia-oxidizing Archaea belonging to Thaumarchaeota are dominant ammonia-

oxidizing microorganisms in marine and terrestrial environments. Both genera Cenarchaeum 

and Nitrosopumilus are known to be able to aerobically oxidize ammonium to nitrite (Hallam 

et al., 2006; Labrenz et al., 2010; Walker et al., 2010). Nitrosopumilus is present in numerous 

habitat types (e.g. soil, freshwater and marine sediments and waters, symbionts). C. 

symbiosum was instead described for the first time by Preston and colleagues (1996) as a 

symbiont of a temperate water marine sponge Axinella mexicana and related phylotypes were 

recovered in association with other oceanic sponges (Webster et al., 2001; Margot et al., 

2002; Lee et al., 2003). We recovered C. symbiosum in all water sample, especially in 

mesopelagic ones. To our knowledge, genus Cenarchaeum has never been detected in free-

living archaeal assemblages up to now.  

Specificity of primer systems used in archaeal library preparation were verified trough both 

TestProbe and TestPrime. They resulted specific for Archaea and evenly distributed among 

archaeal phyla. Negligible coverage was obtained for Bacteria and Eukaryota. This 

observation excluded that the low biodiversity recovered in our samples could be attributable 

to amplification biases. Finally, database accuracy was tested, repeating taxonomic 

identification of our sequenced against SILVA, RDP and Greengene databases within the 

MG-RAST pipeline. The same low richness was recovered. Additional investigation are 

required. 

 

In situ bacterial communities 

Dark ocean is characterized by lower bacterial abundances and heterotrophic primary 

production compared to warmer and well-lighted photic waters. Less rich communities should 

be thus expected to habit this environment. Contrary, deep communities have been 

demonstrated to be as rich and variable as surface ones in several marine ecosystems 

(Moeseneder et al., 2001; Hewson et al., 2006; Agoguè et al., 2011). Here, we confirmed this 

high biodiversity as in situ deep communities were richer than photic assemblages, with 

similar phylotype distribution among all stations. In both environments rare organisms 

dominated bacterial assemblages with a greater contribution in surface than in mesopelagic 

samples. The taxonomy of the sequences was distributed among the six major bacterial phyla, 
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Proteobacteria, Cyanobacteria, Deinococcus-Thermus, Bacteroidetes, Actinobacteria and 

Firmicutes, and agreed with results reported in several marine environments (Morris et al., 

2002; Agogué et al., 2011; Zinger et al., 2011; Friedline et al., 2012). Proteobacteria were 

dominant in all communities and along the water column. Alpha-subgroup was one of the 

main contributors, representing between one third to half of the total mesopelagic and surface 

assemblages. Gammaproteobacteria contribution increased with depth, reaching almost 50% 

of the phylogenetic class. As expected, members of the Beta- and Delta- subgroups were more 

commonly found in mesopelagic waters than in surface waters. Cyanobacteria were the 

second most abundant group in surface waters, mainly represented by genus Synechococcus 

(74.88 ± 10.53%). They were recovered in deep samples as well, despite the absence of light 

that characterizes the dark ocean. Generally abundance of autotrophic groups rapidly 

decreases with depth but they are sometimes still detected in the aphotic layers, reaching 3.8% 

and 0.5% of total microbial biomass in the meso- and bathypelagic layers (Tanaka et al., 

2009). The presence of microbial autotrophs down to the dark ocean is likely due to their 

transport via vertical migration of zooplankton and sinking of particles. Bacteroidetes were 

ubiquitous in deep sites but did not always occur in surface. This taxa displays contrasting 

patterns worldwide, being common in near-surface waters and quite low in deep waters of 

English Channel (Gilbert et al., 2009), whereas in Eastern Atlantic Ocean deep communities 

showed a higher relative abundance of Bacteroidetes (Friedline et al., 2012). Actinobacteria 

and Deinococcus-Thermus were mainly represented at greater depths and in surface layer 

were only sporadically recovered. Firmicutes were absent in surface samples. In situ 

communities grouped according to sampling depth and specific bacterial taxa were 

responsible for the observed stratification. Cyanobacteria (Synechococcus and 

Prochlorococcus), together with genus Roseobacter characterized surface assemblages. Deep 

communities presented higher contribution of genera Meiothermus (family Thermaceae), 

Anoxybacillus (family Bacillaceae), Brevibacillus and Paenibacillus (family 

Paenibacillaceae), Ralstonia and Burkholderia (family Burkholderiaceae), 

Pseudoalteromonas (family Pseudoalteromonadaceae). Unclassified members of class 

Alphaproteobacteria were predominant in epipelagic layer whereas members of Beta- and 

Deltaproteobacteria presented greater abundances in deep waters. Sampling location affected 

community clustering in the mesopelagic layer, where communities collected in the Ionian 

Sea and the Otranto Strait (CF16 and OL107) were more similar to each other than to the 
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Southern Adriatic sample (O37B). In surface assemblages, clustering did not reflect 

geographical sampling location. 

 

Effect of HNF grazing on Bacteria 

Bacterial families displayed different responses to incubation with HNF. Some groups 

showed abundance decrease while others profited from grazing process, increasing relative 

abundance. Cell activity of prokaryotic communities could be favored (1) directly from 

substrates release by the predators, which regenerate organic and inorganic nutrients (‘sloppy 

feeding’), (2) indirectly from nutrients increase via enhancement of primary production of 

algae and (3) from the decrease of intra- and inter-specific competitors removed by predators 

(Hahn and Hölfe, 2001; Pernthaler et al., 2005).  

Although general patterns applicable to all communities were not found, trends of selectivity 

over different phylotypes were highlighted. In surface, the most affected taxa belonged to 

Alphaproteobacteria class (e.g. Bradyrhizobiaceae, Rhizobiaceae, Rhodobacteraceae), the 

most abundant group in surface waters, displaying a general decrease in relative abundance 

when the whole predator community was present. Shewanellaceae, Oceanospirillaceae (class 

Gammaproteobacteria), on the contrary, were favored by predation. This observation 

suggested that in surface waters Alphaproteobacteria are preferentially grazed by larger 

flagellates, while Gammaproteobacteria seemed to be more resistant. In mesopelagic 

experiments, families displaying positive selection belonged to almost all bacterial classes, 

such as Alpha- (e.g. Anaplasmaceae, Sphingomonadaceae), Beta- (e.g. Burkholderiaceae, 

Oxalobacteraceae) and Gammaproteobacteria (e.g. Pseudomonadaceae), as well as 

Actinobacteria (e.g. Corynebacteriaceae, Propionibacteriaceae), Firmicutes (e.g. 

Paenibacillaceae). Negative selection was observed for Cytophagaceae and Flavobacteria. 

Comparisons with other pelagic habitats, especially in the case of dark sea communities, were 

arduous, as few studies describing taxonomic selectivity of grazing process are available and 

are mainly focused on freshwater environments. In coastal North Sea top-down control on 

Alteromonas, Pseudoalteromonas (Gammaproteobacteria) was described. Here, families 

belonging to Gamma-subgroup were generally negatively selected in surface but positively in 

deep experiment. Other general patterns described in freshwater systems (Pernthaler et al., 

2001; Hahn et al., 2003; Jezbera et al., 2005) contrast with ours. The phylum Actinobacteria 

has frequently been described as grazing-resistant due to the fast growth rate and the small 
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cell size and Cytophaga-Flavobacterium-Bacteroidetes, Alpha- and Betaproteobacteria were 

generally positively selected when bacteria were heavily grazed. We highlighted that the 

formers were subjected to abundance losses and the latters were negatively selected in our 

deep experiments.  

The removal of larger predators caused an enhancement of negatively selected taxa in surface 

waters, from 33% to 50% of those displaying significant abundance changes, while positively 

selected groups diminished from 66% to 49%. On the contrary, in mesopelagic experiments, 

the fraction of positively selected phylotypes increased from 69% to 74% after the removal of 

HNF>3µm. Larger flagellates could thus have a more important role in photic microbial food 

webs, where their removal mitigated the impact on bacterial assemblages, enhancing the 

fraction of taxa favored by predation. 

In the t24(<3) treatment of surface experiments, impact on members belonging to the Alpha-

subgroup was generally mitigated. Bacterivoracaceae were preferentially grazed by small 

HNF as abundance decrease was detected only in t24(<3) treatment. Cytophagaceae, 

Flavobacteriaceae, and unclassified Flavobacteria (Bacteroidetes), not detected in the t24(<10) 

treatment, were negatively selected suggesting that they were controlled by larger HNF. In 

mesopelagic communities Enterobacteriaceae, Pseudoalteromonadaceae and Shewellaceae 

(Gammaproteobacteria) were likely controlled by larger HNF as their removal induced 

negative selection. Positively selected taxa were similar to those observed in t24(<10), 

excepted for family Flavobacteriaceae (Bacteroidetes) and Thermaceae (Deinococcus-

Thermus). They were probably grazed by small flagellates. 

In all environments, the majority of predated phylotypes belonged to the rare biosphere 

(>65%). The rare bacterial biosphere was initially thought to be a ‘dormant’ seed bank whose 

role may become significant when environmental changes occur (Pedrós-Alió, 2006) but it is 

now proved to contribute to the water mass-specificity of bacterial communities (Galand et 

al., 2010; Kirchman et al., 2010). Here, we demonstrated that rare organisms additionally 

represent a fundamental element of carbon and energy transfer within the microbial food web, 

being as important as dominant organisms in biogeochemical cycles. 

Despite each bacterial community had peculiar responses to grazing, similar feedback could 

be identified among distinct experiments. Some phylotypes were detected in both surface and 

deep experiments even with different responses (e.g. Alteromonadaceae, Rhodobacteraceae, 

Pseudoalteromonadaceae), but others were typical to specific depth. Burkholderiaceae, 
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Oxalobacteraceae or Pseudomonadaceae, for example, were affected by HNF only in 

mesopelagic waters, while abundances of families as Oceanospirillaceae or 

Intrasporangiaceae varied only in surface layer. Furthermore, Sphingomonadaceae and 

unclassified Deltaproteobacteria were affected by predation in all the t24(<10) experiments 

where they were observed. Shewanellaceae were favored while Bacterivoracaceae withstood 

small HNF predation, independently from sampling site or depth. 

Responses were more homogeneous among different deep experiments compared to those 

performed in surface waters and only few families varied their behavior between t24(<10) and 

t24(<3). Our results suggested that in photic systems larger HNF could more significantly 

enhance the strength of top-down control over bacterial assemblages compared to dark ocean. 

The latest hosts simpler trophic webs as less biological compartments are involved and 

trophic interactions are thus more complex. The impact of nanoflagellate grazing on prey 

communities is based on a complex interplay of several factors such as grazing selectivity, 

different sensitivity of preys, influence of grazing on prey growth (e.g. substrate supply) and 

prey competition via elimination of competitors (Hahn and Höfle, 2001; Jürgens and Matz, 

2002). The taxonomic composition of predator community and trophic status of the system 

should be considered when impact of HNF predation is under study. Different protistan 

species evoke different responses in PCC as they have displayed significant taxon-specific 

differences in feeding mechanisms and selectivity (Pernthaler et al., 2001; Jezbera et al., 

2005). Thus, each predator community may exert specific and highly complex top-down 

pressure on individual prey community shaping PCC and diversity. Moreover, trophic 

interactions and effects of grazing are influenced by predation-defense mechanisms that are 

strictly dependent on taxonomic community composition of prokaryotic and flagellate 

assemblages as well. In thousands of years of co-evolution, prokaryotes have developed a 

wide spectrum of strategies for surviving to grazing pressure by hetero- and mixotrophic 

nanoflagellates, as well as predators have evolved traits to capture their preys (Matz and 

Kjelleberg, 2005; Jürgens and Massana, 2008). The capability to contrast grazing and the 

abundance of predation-resistant cells correlate with productivity gradients (Corno and 

Jürgens, 2006). Resource availability influences the allocation between growth-related 

(competition for nutrients) and defense-related traits, which are both costly in terms of energy 

(Friman et al., 2008). In nutrient-richer environments, preys are able to invest in both 

defensive and competitive traits simultaneously, whereas the competitive ability of the prey 

decreases in low-resource environments where the cost of defense is more remarkable. It 



HNF grazing impact on taxonomic composition of marine prokaryotic community 

94 

follows that prey defense should evolve faster in high-resource environments, mitigating HNF 

influence on PCC. Organic matter that reaches the dark ocean is produced in the photic zone 

via biological processes such as microalgal essudation, sloppy feeding and natural or virus-

mediated cell lysis. It is mostly mineralized in the surface ocean and subjected to substantial 

transformation along the water column (Arístegui et al., 2009). Bioavailable part of the DOC 

pool in the dark ocean accounts for 2–15% of the total DOC in the water column (Bendtsen et 

al., 2002). Furthermore, as described for Bacteria, also HNF abundance decreases with depth 

and phylogenetic affiliation may change according to water depth. This consideration may 

explain differences between surface and deep experiments and higher sensitivity of 

mesopelagic communities to HNF grazing.  

An alternative explanation of bacterial taxa variations could be the occurrence of viral lysis 

which is known to be responsible for 25% of prokaryotic mortality in the oceans and 58% in 

coastal waters (Weinbauer, 2004). Viruses thus contribute to control prokaryote production 

and community structure and influence carbon cycling (Magagnini et al., 2007). 

Bacteriophages selectively eliminate specific bacterial groups as being considered highly host 

specific (Thingstad, 2000; Schwalbach et al., 2004; Weinbauer and Rassoulzadegan, 2004). 

They can thus change taxonomic composition of bacterial assemblages, influencing the role 

of HNF grazing within pelagic systems. Moreover, they can act indirectly on bacterial 

structure through the release of organic matter during lysis activity (Weinbauer, 2004; 

Middelboe et al., 2008), enriching trophic status of the system that is one of the principal 

factor influencing predator-prey interactions, as previously illustrated. Growth rate of some 

bacterial groups may consequently be enhanced, favoring the development of defensive 

strategies and the ability of bacteria to contrast predation. However, the impact of viral lysis is 

stronger in eutrophic systems compared to nutrient-poor waters (Bettarel et al., 2002; Berdjeb 

et al., 2011). As Southern Adriatic and Northern Ionian Seas are oligotrophic, HNF grazing is 

supposed to be the main responsible of the observed variations in PCC: 

 

Conclusions 

Nanoflagellate grazing modifies prey community composition in pelagic environments. Our 

study evidenced a predation selectivity toward certain bacterial taxa in both surface and 

mesopelagic experiments. Both larger and smaller protists displayed significant impact 

confirming the existence of a trophic cascade within microbial food webs. In photic systems, 



HNF grazing impact on taxonomic composition of marine prokaryotic community 

95 

large HNF likely have a more important role as their removal caused broader variations 

compared to deep experiments. Universal bacterial responses were not found as different prey 

and predator communities establish distinct interactions, but some similarities were identified. 

Some behaviors characterized surface or deep communities, while other were independent 

from sampling site or depth.  
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Table S2 – Bacterial abundance changes induced by the whole HNF communities on bacterial families. 

Significant (p<0.05) variations between t0 and t24(<10) treatments were evaluated (green: variation detected only in 

surface experiments; blue: variation detected only in mesopelagic experiments; yellow: variations detected in both 

systems; light colors: abundance reduction; dark colors: abundance increase). 

Bacterial family surO36 surO37B surCF16 deepO37B deepCF16 deepOL107 

Aeromonadaceae - - ↓ ↓ ↑ ↓ 

Alteromonadaceae ↓ - ↓ ↑ ↑ ↓ 

Anaplasmataceae - - - ↓ ↓ ↓ 

Bacillaceae - - - ↑ ↓ ↓ 

Bacteriovoracaceae - - - - ↓ - 

Bartonellaceae - ↓ - - - - 

Bradyrhizobiaceae ↓ ↓ ↓ - ↓ ↑ 

Brucellaceae - ↓ - ↓ - - 

Burkholderiaceae - - - ↓ ↓ ↓ 

Clostridiaceae - - - ↓ - - 

Comamonadaceae - ↓ - ↓ - - 

Corynebacteriaceae - ↑ - - ↓ ↓ 

Cytophagaceae ↓ ↑ - - ↑ ↑ 

Dermacoccaceae - ↓ - - - - 

Enterobacteriaceae - - - - ↑ - 

Flavobacteriaceae ↓ ↑ - ↓ ↑ ↑ 

Hahellaceae - - - ↓ ↑ - 

Halomonadaceae - - - ↓ ↑ - 

Idiomarinaceae - - - ↓ - - 

Intrasporangiaceae - ↓ - - - - 

Legionellaceae ↓ ↑ ↑ ↓ - - 

Microbacteriaceae - - - ↓ - - 

Micrococcaceae - ↓ - - ↓ - 

Neisseriaceae - - - ↓ ↓ - 

Nocardiaceae - - - ↓ - ↑ 

Oceanospirillaceae ↑ - ↑ - - - 

Oxalobacteraceae - - - ↓ ↓ ↓ 

Paenibacillaceae - - - ↓ ↓ ↓ 

Peptostreptococcaceae - - - - ↑ - 

Phyllobacteriaceae - - - ↓ - - 

Piscirickettsiaceae - - - ↓ ↑ - 

Prochlorococcaceae ↑ - ↓ ↓ ↓ - 

Propionibacteriaceae - ↓ ↑ ↓ ↓ - 

Pseudoalteromonadaceae ↓ ↑ - ↑ ↓ ↑ 

Pseudomonadaceae - - - ↓ ↓ ↓ 

Pseudonocardiaceae - - - ↓ - ↑ 

Rhizobiaceae ↓ ↓ - ↓ ↑ - 

Rhodobacteraceae ↓ ↓ ↓ ↓ - ↑ 

Rhodospirillaceae - - - ↓ ↑ ↑ 

Shewanellaceae ↑ ↑ - ↑ ↓ ↓ 

Sphingobacteriaceae - - - ↓ - - 

Sphingomonadaceae ↓ ↓ - ↓ ↓ ↓ 

Thermaceae ↓ - ↑ ↑ ↓ ↓ 

unclassified Alphaproteobacteria ↓ ↓ ↑ ↓ - ↑ 
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Table S2 (continued)       

Bacterial family surO36 surO37B surCF16 deepO37B deepCF16 deepOL107 

unclassified Alteromonadales - - ↓ - - ↓ 

unclassified Betaproteobacteria - ↑ - ↓ - - 

unclassified Chroococcales ↑ ↑ ↓ ↓ ↓ ↓ 

unclassified Deltaproteobacteria ↓ - - ↓ ↓ ↓ 

unclassified Desulfuromonadales - - - - - ↓ 

unclassified Flavobacteria ↓ ↑ - - ↑ ↑ 

unclassified Gammaproteobacteria ↓ ↑ - ↓ ↓ ↓ 

unclassified Kordiimonadales ↓ - ↓ - ↓ ↑ 

unclassified Proteobacteria ↓ ↓ ↓ ↓ ↓ ↓ 

unclassified Rhodobacterales - - - - ↑ - 

unclassified Sphingobacteriales - - - ↓ - - 

Vibrionaceae - - - ↑ ↑ ↓ 

Xanthomonadaceae - - - ↓ ↑ - 
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Table S3 - Bacterial abundance changes induced by small HNF on bacterial families. Significant (p<0.05) 

variations between t0 and t24(<3) treatments were evaluated (green: variation detected only in surface experiments; 

blue: variation detected only in mesopelagic experiments; yellow: variations detected in both systems; light colors: 

abundance reduction; dark colors: abundance increase). 

Bacterial family surO36 surO37B surCF16 deepO37B deepCF16 deepOL107 

Aeromonadaceae ↑ - ↓ ↑ ↑ ↓ 

Alteromonadaceae - ↑ ↑ ↑ ↑ ↓ 

Anaplasmataceae - - - ↓ ↓ ↓ 

Bacillaceae - ↓ - ↑ ↓ ↓ 

Bacteriovoracaceae ↓ ↓ ↓ - ↓ - 

Bradyrhizobiaceae - - - - ↓ ↓ 

Brucellaceae - ↓ - ↓ - - 

Burkholderiaceae - - - ↓ ↓ ↓ 

Campylobacteraceae - - - ↑ - - 

Chromatiaceae - - - - ↓ - 

Clostridiaceae - - - ↓ - - 

Comamonadaceae - ↓ - ↓ - - 

Corynebacteriaceae - - ↑ ↑ ↓ ↓ 

Cytophagaceae ↑ ↑ ↑ ↑ - ↓ 

Dermacoccaceae - ↓ - - - - 

Enterobacteriaceae - - - ↑ ↑ ↑ 

Ferrimonadaceae - - - ↑ ↑ - 

Flavobacteriaceae - ↑ ↑ ↓ ↓ ↓ 

Hahellaceae - - - ↓ - - 

Halomonadaceae - - - ↓ - - 

Idiomarinaceae - - - ↓ - - 

Intrasporangiaceae - ↓ - - - - 

Legionellaceae ↓ ↑ - ↓ - - 

Microbacteriaceae ↑ - - ↓ - - 

Micrococcaceae - ↓ - - ↓ - 

Neisseriaceae - - - ↓ ↓ - 

Nocardiaceae - - - ↓ - - 

Oceanospirillaceae ↓ - - - - - 

Oxalobacteraceae - - - ↓ ↓ ↓ 

Paenibacillaceae - - - ↓ ↓ ↓ 

Phyllobacteriaceae - - - ↓ ↓ - 

Piscirickettsiaceae - - - ↓ - - 

Prochlorococcaceae ↑ ↑ ↓ ↓ ↓ - 

Propionibacteriaceae - ↓ - ↓ ↓ - 

Pseudoalteromonadaceae ↓ ↑ ↑ ↑ ↑ ↑ 

Pseudomonadaceae - - - ↓ ↓ ↓ 

Pseudonocardiaceae - - - ↓ - - 

Rhizobiaceae - ↓ - ↓ - - 

Rhodobacteraceae - ↓ - ↓ - ↑ 

Rhodospirillaceae - - - ↓ ↑ ↑ 

Shewanellaceae - ↑ ↑ ↑ ↑ ↑ 

Sphingobacteriaceae ↑ - ↑ ↓ - - 

Sphingomonadaceae - - - ↓ ↓ ↓ 

Thermaceae ↓ ↑ - ↓ ↓ ↓ 
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Table S3 (continued)       

Bacterial family surO36 surO37B surCF16 deepO37B deepCF16 deepOL107 

unclassified Alphaproteobacteria ↓ ↓ ↓ ↓ ↓ ↑ 

unclassified Alteromonadales - - ↓ - - ↓ 

unclassified Betaproteobacteria - - - ↓ - - 

unclassified Burkholderiales - - ↑ - - - 

unclassified Chroococcales ↑ ↑ ↓ ↓ ↓ ↓ 

unclassified Deltaproteobacteria ↓ - - ↓ ↓ ↓ 

unclassified Desulfuromonadales - - - ↑ ↓ ↓ 

unclassified Epsilonproteobacteria - - - ↑ - - 

unclassified Flavobacteriia ↑ ↑ - - - - 

unclassified Gammaproteobacteria ↓ ↑ ↑ ↓ ↓ ↓ 

unclassified Kordiimonadales ↓ - ↓ - ↑ ↓ 

unclassified Proteobacteria ↓ ↓ ↑ ↓ ↓ ↓ 

unclassified Sphingobacteriales - - - ↓ - - 

Vibrionaceae - - ↑ ↑ ↑ ↓ 

Xanthomonadaceae - - - ↓ - - 
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Abstract 

Estimating prokaryote diversity in natural ecosystems is a priority in current ecological 

research. Distance, latitudinal gradients and environmental factors have been demonstrated to 

influence bacterial communities in the oceans. Recent observations evidenced that bacterial 

community composition clustered according to the water masses. Bacterial diversity was here 

investigated in samples collected in the eastern Mediterranean basins (Adriatic Sea and 

Northern Ionian Sea) from surface and deep layers in order to detect similarities between sites 

and possibly identify common environmental factors controlling microbial community 

diversity. Quantitative analysis was performed through epifluorescence microscope, while 

bacterial diversity was evaluated with ARISA, a fingerprinting technique that relies on the 

high variability of the region between the genes encoding for 16S and 23S rRNA. Rank-

abundant curves confirmed one of the most familiar patterns in biodiversity research, which 

implies that only a few phylotypes are dominant in microbial communities, whereas the 

majority are rare. Mesopelagic bacterial communities were as rich as variable as surface 

assemblages, despite the significant biomass decrease along the water column. Cluster 

analysis based to Jaccard and Bray-Curtis metrics evidenced that depth and geographical 

location of sampling sites influenced community similarity. The Southern Adriatic Sea was 

clearly distinguished from the Ionian Sea. The Northern Adriatic samples was always 

separated from the others, coherently with different biotic and abiotic characteristics of the 

sub-basin. Additionally, temperature, chl a and O2 concentration represented important 
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environmental drivers shaping biodiversity of bacterial communities that inhabit Adriatic and 

Ionian Basins. 

 

Introduction 

Prokaryotes represent an important component of the marine plankton, comprising up to 70% 

and 75% of the total biomass in surface and deep waters, respectively (Arístegui et al., 2009; 

Agoguè et al., 2011). They are responsible for 50% of the primary production on the earth 

(Stockner et al., 1988) and carry out over 95% of the respiration in the ocean (del Giorgio and 

Duarte, 2002). They are also responsible for the cycling the organic and inorganic compounds 

essential for life and are the main drivers of global biogeochemistry (Friedline et al., 2012). 

Although prokaryotes are ubiquitous and abundant in marine ecosystems, relatively little is 

known about the diversity and composition of the complex microbial communities. It remains 

unclear which are the principle drivers that control the distribution of marine microbes or how 

diversity may influence the biogeochemical functioning of marine ecosystems (Friedline et 

al., 2012). Thus, estimating prokaryote diversity in natural ecosystems is a priority in 

ecological research. Diversity of Bacteria has been investigated in several marine 

environments (Pommier et al., 2007; Rusch et al., 2007; Fuhrman, 2009; Zinger et al., 2011) 

but universal patterns have not been identified yet. Latitudinal gradients and environmental 

factors have been shown to influence bacterial community composition in oceans (Hewson et 

al., 2006a; Fuhrman et al., 2008; Ladau et al., 2013). The availability of resources, selective 

loss factors (grazing by flagellates and viral lysis) and physical parameters such as 

temperature and salinity can influence microbial population structure. Recent observations 

showed that bacterial community composition clustered according to the water masses 

(Agoguè et al., 2011). Due to their distinct temperature, salinity and consequently density, 

water masses might act as oceanographic dispersal barriers for bacterioplankton and hence, 

might act as potential obstacles and limit migration of bacterial phylotypes across adjacent 

water masses (Pommier et al., 2007; Arístegui et al., 2009). 

During the past decade, the application of molecular techniques to survey ocean microbial 

communities has been used to investigate microbial diversity (Venter et al., 2004; Rusch et 

al., 2007) or highlight how specific environmental conditions influence the distribution of 

selected taxa (Galand et al., 2009; Hewson et al., 2006a; Agogué et al., 2011). Prokaryotic 

diversity resulted to be high in the ocean and communities are dominated by a few abundant 
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taxa, with high contributions of rare species (Sogin et al., 2006; Huber et al., 2007; Gilbert et 

al., 2009). In recent years, fingerprinting approaches have been used to study complex 

bacterial communities and to estimate the diversity of bacterial communities. Fingerprints are 

reproducible, allow clear differences among communities to be highlighted and have been 

shown to produce results consistent with those obtained using more-sophisticated and time-

consuming approaches such as cloning and sequencing (Fisher and Triplett, 1999; 

Moeseneder et al., 2001; Hackl et al., 2004). This makes fingerprinting analyses a highly 

suitable tool for comparing biodiversity in different habitats and ecosystems, in particular 

when large numbers of samples are collected. In particular, Automated Ribosomal Intergenic 

Spacer Analysis (ARISA) has been proved to be more effective than T-RFLP and DGGE 

analysis to measure bacterial diversity since it displays a higher taxonomic resolution and 

higher sensitivity than other fingerprinting methods (Hewson and Fuhrman, 2004; Danovaro 

et al., 2006). It is a capillary electrophoresis technique based on the amplification of the 

internal transcribed spacer (ITS) region between the genes encoding for 16S and 23S rRNA 

(Fisher and Triplett, 1999) which is characterized by high length and sequence variability 

among prokaryotic organisms (Daffonchio et al., 2003). Although some authors contested that 

fingerprinting methods poorly estimate alpha diversity and do not include the ‘‘rare’’ taxa 

(Bent et al., 2007; Zinger et al., 2012), ARISA is considered one of the most accurate, speed 

and cost-effective protocol to evaluate bacterial diversity on a lot of samples and compare 

multiple bacterial communities (Hewson and Fuhrman, 2004; Luna et al., 2004).  

In the present work, bacterial diversity in surface and deep waters in the Southern and 

Northern Adriatic Sea and in the Northern Ionian Sea was investigated. The Adriatic Sea is 

considered one of the most important basins for the whole Mediterranean Sea. It contains one 

of the most eutrophic regions (the Northern Adriatic) and is the main contributor to the deep 

and bottom water of the Eastern basin. The Adriatic Deep Water (ADW) is formed during 

winter due to surface water cooling and mixing with the underlying Levantine Intermediate 

Water (LIW) inflowing from the Ionian Sea (Manca et al., 2002; Vilibić and Orlić, 2002; 

Vilibić and Supić, 2005). To the ADW also contributes the North Adriatic Deep Water 

(NADW), a dense, cold and oxygenated water that originates during autumn and winter from 

the surface heat loss and evaporation in the north-east Adriatic due to Bora storms (Vilibić, 

2003). This dense water feeds the deep layers of the Ionian and Levantine Seas, outflowing 

through the Strait of Otranto. The ADW coming from the Otranto Channel exports dissolved 

nutrients (nitrate and phosphate) in the Ionian Sea, influencing the biological activity of the 
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deep layers of the region (Budillon et al., 2010). We applied ARISA to evaluate differences in 

presence/absence and relative contribution of bacterial phylotypes and to highlight which 

environmental parameters mainly influence community composition and biodiversity. 

 

Materials and methods 

Samples collection 

Seawater samples were collected from sites reported in Table 1 and graphically reported in 

Figure 1. In situ environmental parameters were obtained through CTD probe (Sea-Bird 

Electronics, Inc). 

 

 
Figure 1 – Sampling sites. The map illustrates geographical position of sampling sites. 

 

Each sample was pre-filtered on 10µm Nitex mesh and aliquots of 50 mL were fixed in 2% 

formalin-filtered on 0.22 µm Acrodisc® Syringe Filter for quantitative analysis and stored in 

the dark at 4°C. For capillary electrophoresis, bacteria were collected on hydrophilic 0.22 µm 
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Durapore membranes (Millipore) by a vacuum pump and filters were plunged into 7 mL of 

sucrose lysis buffer (750 mM sucrose, 50 mM Tris-HCl, pH 8, 40 mM EDTA, pH 8) and 

stored at -80°C until DNA extractions. All instruments were washed with 10% HCl and 

thoroughly rinsed with deionised water. 

 

Table 5 - Sampling sites. Coordinates are reported according to the WGS84 system. 

Station Sampling date LatN LongE Deph (m) Location 

d_O36 26/03/11 41.380 17.267 1132 Southern Adriatic Sea 

d_O37B 27/03/11 41.430 17.336 1108 Southern Adriatic Sea 

d_CF16 02/04/11 39.286 18.181 1035 Northern Ionian Sea 

d_MS03A 01/04/11 39.330 18.319 775 Northern Ionian Sea 

d_OL107 03/04/11 39.741 18.810 674 Otranto Channel 

s_O36 26/03/11 41.380 17.267 5.0 Southern Adriatic Sea 

s_O37B 27/03/11 41.430 17.336 5.0 Southern Adriatic Sea 

s_CF16 02/04/11 39.286 18.181 5.0 Northern Ionian Sea 

s_MS03A 01/04/11 39.330 18.319 5.0 Northern Ionian Sea 

s_Piran 10/09/09 45.320 13.340 0.5 Northern Adriatic Sea 

 

Quantitative analysis 

The analysis was carried out following a modification of the Porter and Feig's method (1980). 

Picoplankton samples were filtered onto black 0.2 µm polycarbonate membrane filters (NTG) 

laid over pre-wetted 0.45 µm nitrocellulose backing filters (Millipore®) by a vacuum pump 

with a depression between 0.2 – 0.3 atm. Heterotrophic prokaryotes (HP) were stained for at 

least 15 minutes in the dark with 4’6–diamidino–2–phenylindole (DAPI, Sigma) at 1µg mL-1 

final concentration, while the autotrophic picoplankton (AP) was separately filtered. HP were 

filtered in 9 replicates whereas 3 replicates were filtered for the AP. Filters were finally stored 

at -20°C until their processing. Picoplankton counts were conducted with a 100x oil 

immersion objective using an Olympus BX60 F5 epifluorescence microscope equipped with a 

100 W high – pressure mercury burner (HPO 100 W/2). The abundance of AP was 

determined by using the blue light (450 to 490 nm) and counting at least 150 cells, whereas 

HP were observed through the UV filter (365 nm) counting at least 200 cells. Cell abundance 

was then converted to carbon biomass using the following conversion factors: 20 fgC cell -1 

(Ducklow and Carson, 1992) and 200 fgC cell -1 (Caron et al., 1991) for surface HP and AP, 

respectively, and 10 fgC cell -1 (Reinthaler et al., 2006) for deep HP. 
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DNA extraction 

A modified version of the protocol proposed by Giovannoni et al. (1990) was followed for 

DNA extraction. Samples were firstly thawed, sucrose lysis buffer volume was reduced to 

500 µL and SDS 2% was added with 400 mg of both glass beads of 0.1 mm and 0.5 mm 

diameter (Cell Disruption Media, Scientific Industries, Inc.). Cells were lysed with two steps 

of shaking at max speed for 2’ minutes and incubation at 70°C for 5’, with a final 

centrifugation of 2’. Proteinase K (final concentration 0.6 mg/mL) was added and samples 

were incubated at 55°C for 2 hours gently shaking (Distruptor Genie, Scientific Industries, 

Inc.). Glass beads were then removed and 0.6 volumes of 5M NaCl with 0.14 volumes of 

CTAB/NaCl (10% CTAB in 0.7M NaCl) were added. After the incubation at 65°C for 10 

minutes we proceeded with a traditional chlorophorm-based DNA extraction. 

In order to minimize biases caused by sampling, DNA extracted from at least two quarters of 

each filter was combined prior to subsequent analysis, as proposed by Stoeck et al. (2009). 

 

Automated Ribosomal Intergenic Spacer Analysis - ARISA 

The internal transcribed spacer (ITS) region between 16S and 23S rRNA genes was amplified 

in 25 µL reactions containing 1X KAPA 2G Fast Hot Start Ready Mix (KAPA Biosystems), 

0.5 µM of each primer and 2 µL of genomics DNA. Amplification reaction were performed in 

DNA Engine® PTC-200 thermocycler at the following conditions: 95°C for 3’, 33 cycles at 

95°C for 10”, 52°C for 30”, 72°C for 45”, plus a final extension step at 72°C for 5’. Selected 

primers were the 16S rDNA forward primer 16S-1392F (5’-GYACACACCGCCCGT-3’) and 

the fluorescently labelled reverse primer (JOE)-23S-125R (5’-GGGTTBCCCCATTCRG-3’) 

(Danovaro et al., 2006). For each sample four different reactions were run and then combined 

to form two duplicates which were independently processed, in order to reduce amplification 

bias effects (Polz and Cavanaugh, 1998). The two resulting replicates were purified with 

QIAGEN® MinElute PCR Purification kit and quantified by Quant-iT dsDNA BR Assay 

(InvitrogenTM). Each PCR assay comprised a negative control, processed as the other samples. 

For each ARISA, 10 ng of amplicons was mixed with 0.4 µL of internal size standard 

(GeneScanTM 1200 LIZ®, Applied Biosystems®) in 10 µL Hi-DiTM deionized formamide 

(Applied Biosystem®), denatured at 95°C for 5 min and immediately chilled on ice for 3’. 

Two runs were performed from each DNA sample, thus obtaining 4 replicates from each 

biological sample. Automated detection of ARISA fragments was carried out using the ABI 
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3130 Genetic Analyzer (Applied Biosystems®) under the following conditions: oven 

temperature 60°C, injection 1.8kV for 11’’, run 6.5kV for 6200’’. 

 

Statistical analysis of electropherograms 

ARISA fragments in the range 390–1200 bp were determined using Gene Mapper® 4.1 

(Applied Biosystems®). The results were analyzed according to procedure proposed by 

Danovaro et al. (2006) eliminating ‘shoulder’ and non-replicated peaks. Electropherograms 

were normalized on peak profile obtained from the negative control. ARISA fingerprints were 

manually binned ±1 bp for ITS length between 400 and 700 bp, ±2 bp from 700 to 1,000 bp 

and ±5 bp > 1,000 bp according to Hewson et al. (2006a; 2006b) and the percent peak height 

of each operational taxonomic unit (OTU) was calculated for all ARISA fingerprints. To 

reduce the possible effect of sequencing artifacts without excluding ‘rare’ taxa, defined as 

those accounting for 0.1-1% of total frequency (Fuhrman, 2009), in subsequent analyses we 

considered only taxa with a frequency ranging between 0.1% and 100%. 

For bacterial diversity analyses, it was assumed that the number of peaks represented the 

species number (phylotype richness) and that the peak height represented the relative 

abundance of each bacterial species. (Luna et al., 2004; Danovaro et al., 2006). We calculated 

the OTU richness, the Shannon-Wiener index (H’), which estimates bacterial biodiversity, 

and the evenness Pielou index (J), which reflects the relative importance of each taxon within 

the entire assemblage. 

Pairwise similarities between whole communities were analyzed by calculating similarity 

indices (Jaccard and Bray-Curtis metrics) to compare ARISA profiles obtained from different 

samples. Whereas Jaccard index determines the similarity of ARISA fingerprints based upon 

presence/absence of identically sized OTUs, Bray-Curtis index evaluates also OTUs relative 

abundance. Indices were used to produce similarity matrices and were interpreted through 

dendrograms. Cluster analysis was conducted via the unweighted-pair group method using 

mean average (UPGMA) algorithm contained within PHYLIP software package 

(http://evolution.genetics.washington.edu/phylip.html). Tree visualization were conducted 

using Dendroscope (v 3.2.10) (Huson and Scornavacca, 2012). 
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Results 

Environmental data 

Environmental parameters recorded in sampling sites are reported in Table 2. 

 

Table 6 – In situ environmental parameters. Physicochemical parameters were measured through CTD 

multi-profile sensor at sampling depth (IS: Northern Ionian Sea, NA: Northern Adriatic Sea SA: Southern 

Adriatic Sea, SO: Strait of Otranto). 

Sampling 

site 
Deph 

(m) 
Temperature 

(°C) 
Salinity 

(PSU) 
Oxygen 
(mL L-1) 

Density 
(kg m-3) 

Chl a 
(µg L-1) 

Basin 

d_O36 1132 13.20 38.70 4.47 29.26 0.014 SA 

d_O37B 1108 13.21 38.70 4.45 29.26 0.015 SA 

d_CF16 1035 13.69 38.72 4.25 29.16 0.012 IS 

d_MS03A 775 13.67 38.72 4.13 29.16 0.009 IS 

d_OL107 674 13.68 38.71 4.35 29.15 0.012 SO 

s_O36 5 13.84 38.67 5.46 28.83 0.075 SA 

s_O37B 5 14.58 38.51 5.32 28.78 0.079 SA 

s_CF16 5 15.39 38.54 5.31 28.61 0.058 IS 

s_MS03A 5 15.40 38.57 5.29 28.64 0.037 IS 

s_Piran 0.5 20.78 34.95 7.13 24.50 0.540 NA 

 

Quantitative analysis 

Abundance and biomass values obtained through epifluorescence microscope are reported in 

Table 3. 

 

Table 7 – Bacterial community biodiversity. Abundance and biomass were obtained through 

epifluorescence microscope, OTU richness, Shannon-Wiener index (H’) and Pielou index (J) were 

calculated from ARISA profiles in surface and deep samples (only peaks accounting >0.1% of total 

electropherogram fluorescence were considered). 

Sampling 

site 
Bacterial abundance 

(×108 cell L-1) 
Bacterial biomass  

(µg C L-1) 

Bacterial biodiversity 

OTU richness H' J 

d_O36 0.30±0.02 0.30±0.02 21 2.45 0.80 

d_O37B 0.39±0.03 0.39±0.03 31 3.12 0.91 

d_CF16 1.80±0.19 3.80±0.39 38 2.24 0.62 

d_MS03A 0.51±0.04 0.51±0.04 42 2.51 0.67 

d_OL107 1.39±0.25 3.39±0.45 34 1.78 0.50 

s_O36 3.72±0.36 11.25±0.78 67 3.22 0.77 

s_O37B 3.60±0.72 10.3±1.45 77 3.43 0.79 

s_CF16 2.29±0.32 6.82±0.64 56 2.71 0.67 

s_MS03A 2.50±0.73 7.63±1.45 67 3.29 0.78 

s_Piran 12.24±1.16 57.46±6.84 44 2.31 0.61 

 



Environmental drivers structuring surface and deep bacterial communities in Adriatic and 

Ionian Seas 

117 

Cell abundances in deep waters varied from 2.94 ± 0.17×107 cell L-1 to 18.00 ± 1.94×107 cell 

L-1, while in surface ones values were one order of magnitude higher (between 2.29 ± 

0.32×108 cell L-1 and 12.24 ± 1.16×108 cell L-1). Biomass values were higher in surface 

sampling sites (from 6.82 ± 0.64 µg C L-1 to57.46 ± 6.84 µg C L-1) than in deeper ones (from 

0.29 ± 0.02 µg C L-1 to 3.80 ± 0.39 µg C L-1). The highest values of both cell abundance and 

biomass were recorded in sample collected in the Northern Adriatic Sea (s_Piran) (Figure 2). 

 
Figure 2 – Bacterial abundance and biomass. In deep waters, values comprised only heterotrophic 

organisms, whereas in surface samples, auto- and heterotrophic cell counts were summed. 

 

Diversity analysis 

OTU richness, Shannon-Wiener and Pielou indices were calculated from ARISA profiles, 

considering peak height as representative of the phylotype abundance (Table 3, Figure 3A). 

Fingerprints contained 21-77 OTUs, had H’ index of 1.78-3.43 and J index of 0.50-0.91. The 

highest OTU richness and H’ were recorded in surface samples collected in Southern Adriatic 

Sea (56-77 OTUs, H’ 2.71-3.43) and deep samples collected in the same stations presented 

lower values of OTUs richness (21-42 OTUs) but only slight differences in H’ (1.78-3.12), 

comparable to those recorded in samples collected in the Northern Adriatic Sea (44 OTUs, H’ 

2.31), which presented the highest cell abundance and biomass. Pielou index was similar 

among all samples. 

Rank abundance curves are a typical way to represent genotype distribution within a 

community and portray the total number of species (richness) and their relative abundances 

(evenness) (Lennon and Jones 2011). By plotting all community fingerprints on a rank-

abundance graph between 21 and 77 phylotypes were detected in each experiment (Figure 

3B). Among them, >60% were considered rare, defined as those present each at 0.1–1% of 
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total frequency (Fuhrman, 2009). Altogether rare taxa represented variable percentages of the 

total abundance in different locations: 19.16 ± 2.61% in surface Southern Adriatic sites, 14.62 

± 1.25% in surface Ionian sites and 8.95 ± 3.03% surface Northern Adriatic sites. Deep 

environments presented lower values, with 2.20 ± 1.55% and 11.55 ± 1.27% in deep Southern 

Adriatic and Ionian samples, respectively. 

 
Figure 3 – Bacterial biodiversity and phylotypes distribution. (A) Bacterial richness (OUT abundance, 

Shannon-Wiener index) and evenness (Pielou index); (B) Rank-abundance distribution of phylotypes. Data were 

obtained from ARISA profiles, considering peaks accounting >0.1% of total electropherogram fluorescence.  

 

Cluster analysis 

Cluster analysis of ARISA profiles was based on fragment length and peak height. To 

compare community structure (taxon composition and relative abundance) β-diversity 

measures can estimate similarities and differences in microbial communities between two or 

more environmental samples. Among the broad range of qualitative (presence/absence of 

taxa) and quantitative (taxon abundance) measures of community distance, we choose Jaccard 

index based upon presence/absence of identically sized OTUs and Bray-Curtis index which 

considers also OTUs relative abundance (Figure 4). 
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Figure 4 – Bacterial communities clustering. Dendrograms are based on (A) presence/absence of OTUs 

(Jaccard index) and (B) relative contribution of each phylotype (Bray-Curtis index). Sampling depth and 

geographical location are the main factor influencing community similarity (I.S.: Northern Ionian Sea; N.A.: 

Northern Adriatic Sea; S.A.: Southern Adriatic Sea). 

 

Cluster analysis of community fingerprints based upon the presence/absence of observed 

phylotypes is reported in Figure 4A. The sample from the Northern Adriatic Sea (s_Piran) 

was separated from the other samples. Bacterioplankton communities collected in the 

Southern basin and in the Northern Ionian Sea were separated according to sampling depth. 

Surface cluster was divided into one group representing Ionian Sea (s_CF16 and s_MS03A) 

and another one with communities collected in the Southern Adriatic Sea (s_O36 and 

s_O37B). The deep community collected from the Strait of Otranto was more similar to the 

deep Ionian cluster (d_CF16 and d_MS03A) than to the deep Southern Adriatic cluster 

(d_O36 and d_37B). 

Again, in the cluster analysis considering OTUs relative abundance (Bray-Curtis index, 

Figure 4B) station s_Piran was separated from those sampled in Southern Adriatic and Ionian 

Seas. Samples from the Ionian basin CF16, MS03A and OL107 were grouped together, 

independently from sampling depth. Higher heterogeneity along the Southern Adriatic water 

column was evidenced in stations O36 and O37B, where communities collected in the photic 

and aphotic layers were separately clustered. 

The canonical correspondence analysis (CCA) was used to evaluate influence of 

environmental factors on bacterial communities (Figure 5). Both axes were statistically 

significant (p<0.05). Depth and physicochemical water properties such as temperature, 

oxygen and chl a concentration separated samples along the first and second axes of the plot. 
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Figure 5 – Influence of environmental parameters on bacterial diversity. Canonical correspondence analysis 

was performed considering available environmental parameters. Significance of first and all axes was verified 

through Monte Carlo permutation tests. (Temp: temperature, chl a: chlorophyll a concentration, Ox: oxygen 

concentration). 

 

Mesopelagic samples displayed higher sensitivity to geographical location, with Southern 

Adriatic communities clearly separated from Ionian and Strait of Otranto sites. In surface 

samples, distinction based on sampling basin was less marked, as sample s_O37B was closer 

to s_CF16 and s_MS03A than to s_O36. Again, Northern Adriatic Sea was separated from all 

other samples. 

 

Discussion 

In this study, ARISA was used to evaluate alpha and beta diversity of bacterial communities 

in Adriatic and Ionian waters. As every PCR-based method, fingerprinting techniques present 

some inherent biases in the ratio of amplified products in mixed-template reactions. However, 

several studies have revealed that fingerprinting methods produce remarkably replicable 

results, even when profiles are produced from different replicate extractions or when they are 

based on different nucleic acids (Yannarell and Triplett, 2005). Thus, they may be useful for a 

quick and reproducible analysis of the communities in several samples and over large spatial 

scales. 

Bacterial abundance and biomass observed in our samples were in agreement with values 

reported in literature for both surface and deep environments in the Mediterranean Sea 

(Arístegui et al., 2009; Tamburini et al., 2009; Nagata et al., 2010). Deep communities 

presented lower abundances as expected, slightly higher in Ionian Sea and Otranto Channel, 
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compared to deep Southern Adriatic stations. The most abundant surface communities were 

those collected in the Northern Adriatic Sea.  

Bacteria exhibited rank abundance curves with extremely long tails indicating that microbial 

communities were dominated by low-abundance taxa which accounted for most of the 

phylogenetic bacterial diversity, as described for other environments (Sogin et al., 2006; 

Ashby et al., 2007; Galand et al., 2009). The rare bacterial biosphere contributes to the water 

mass-specificity of bacterial communities as observed in the North Atlantic Ocean and in the 

Arctic Ocean (Galand et al., 2010; Kirchman et al., 2010). In our dataset, distinct sampling 

area exhibited different contribution of rare groups. Surface samples of the Ionian and 

Southern Adriatic Seas presented a higher occurrence of rare phylotypes, suggesting that they 

could differently influence bacterial diversity in surface and deep water masses. Rare taxa are 

also supposed to be likely metabolically active and potentially important to link the structure 

and the function of microbial communities (Lennon and Jones, 2011).  

The assessment of microbial diversity in natural environments involves two aspects, species 

richness (number of species present in a sample) and species evenness (distribution of relative 

abundance of species) (Fabrice and Didier, 2009). Our data confirmed that deep environments 

present high bacterial diversity and are dominated by rare phylotypes, as observed in surface 

communities. Bacteria belonging to deep environments displayed similar richness and 

evenness compared to surface assemblages, confirming that communities in the bathypelagic 

and mesopelagic waters are as high and as variable as subsurface waters, as described in 

North Atlantic (Agoguè et al., 2011), North Pacific (Hewson et al., 2006a).  

Bacterial communities principally grouped according to sampling depth. When only OTU 

presence/absence was evaluated, the similarity between the localities within the same 

sampling depth was greater than between-basin variability. Along the water column, 

decreasing light penetration, temperature and availability of labile organic matter with 

increasing water depth have been identified as important factors that determine the vertical 

distribution and stratification of microbial communities (Giovannoni and Stingl, 2005; 

DeLong et al., 2006; Zinger et al., 2011). Prokaryotes inhabiting oceanic deep waters might 

be trapped in these distinct water masses leading to water mass-specific prokaryotic 

community compositions (Agoguè et al., 2011). When also OTU abundances were considered 

(Bray-Curtis index), the sampling basin seemed to have a stronger influence on fingerprint 

similarity than depth, as stations closely located or belonging to the same sub-basin were 
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grouped together. Geographical influence was evidenced mainly in mesopelagic samples. 

Surface bacterioplankton is subjected to short-term (e.g. daily, seasonal) variability, whereas 

longer stability and residence time of deep water-masses may more markedly distinguish 

among different sites. 

The Adriatic Sea extends between Italy and Balkans and is subdivided into three 

compartments (Northern, Middle and Southern sub-basin) which are characterized by distinct 

biotic and abiotic features. Terrestrial inputs and hydrodynamical patterns cause a North-

South productivity gradient (Giordani et al., 2002). The Northern region represents one of the 

most eutrophic areas of the whole Mediterranean Sea, while Southern waters are clearly 

oligotrophic. The Ionian Sea is strictly influenced by water outflow of Adriatic origin through 

the Strait of Otranto. Our data indicated that deep communities inhabiting Southern Adriatic 

basin were clearly separated from those found in Ionian Sea. Otranto Strait sample (d_OL107) 

was always more similar to Ionian Sea suggesting a high homogeneity between this two deep 

areas. Surface assemblages instead showed less marked separation between the two 

geographical areas, suggesting that photic layer may be characterized by less variability. Not 

surprisingly, surface Northern Adriatic community was always distinct from other 

assemblages considering both bacterial biomass and biodiversity. Different physical and 

biological characteristic of northeastern waters have likely selected distinct bacterial 

organisms. In addition to depth and geographical location, temperature, oxygen and chl a 

concentration were demonstrated to be important factors shaping Adriatic-Ionian 

assemblages. Our data were coherent with patterns observed in other pelagic environments 

where these environmental parameters have been reported to be good predictors of bacterial 

biodiversity (Pommier et al., 2007; Friedline et al., 2012; Ngugi et al., 2012). Different 

environmental conditions may select microorganism and thus influence community 

structuring and ecosystem functioning. 
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Abstract 

Heterotrophic nanoflagellate (HNF) grazing is one of the main factors shaping the structure of 

the prokaryotic communities in the marine environments as an important source of microbial 

mortality. It strongly affects prokaryotic abundance, diversity and taxonomic composition. 

We analyzed the effects of predation exerted by HNF on bacterioplankton assemblages at the 

surface of a coastal station in the North Adriatic Sea, evaluating also the effects of smaller 

HNF (<3 µm), which are known to constitute an important link between bacteria and larger 

protists. We coupled the traditional ‘dilution method’ with 454 pyrosequencing of 16S rRNA 

gene, providing qualitatively and quantitatively evaluations of the grazing process occurring 

in marine microbial communities. We assessed the taxonomic composition and biodiversity of 

bacterial community and evidenced that HNF control bacterial biomass and select certain taxa 

among all possible preys, grazing also on the rare ones. Some taxa are consumed mainly by 

large HNF (3-10 µm), while others are grazed by smaller ones (<3 µm) and a trophic cascade 

links all these organisms. Thus we demonstrated that HNF predation shapes bacterial 

community structures, which in turn influence the ecosystem functioning 
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Introduction 

The prokaryotic community is the most important biological compartment involved in the 

transformation and mineralization of the organic matter in aquatic systems mediating key 

pathways in global biogeochemical cycles. Understanding the regulation of their growth rate, 

abundance, distribution and diversity is a central issue in aquatic microbial ecology and is 

fundamental to clarify their role in the pelagic food webs and in organic matter cycle (Berdjeb 

et al., 2011). Different biotic and abiotic factors shape the spatio-temporal variability and the 

composition of the prokaryotic community. Heterotrophic nanoflagellate (HNF) ‘size-

selective’ grazing and ‘host-specific’ viral-mediated lysis are the main sources of microbial 

mortality in the water column and may also strongly affect prokaryotic abundance, 

distribution and community structure (Pernthaler, 2005; Bouvier & Del Giorgio, 2007). They 

can significantly modify diversity and taxonomic composition of prokaryotic assemblages and 

influence the relationship between diversity and ecosystem functioning (Bonilla-Findji et al., 

2009; Berdjeb et al., 2011). Small flagellates (1–5 µm) are known to constitute an important 

link between bacteria and larger protists since they are the primary bacterivores in aquatic 

ecosystems and are in turn consumed by 5–20 µm flagellates, ciliates and even small 

metazoans (Strom, 2000; Massana, 2011; Tsai et al., 2011). Feeding of larger flagellates on 

smaller ones may thus partly reduce grazing impact on bacterial biomass and could 

complicate the interpretation of microbial food webs. 

As the vast majority of the microorganisms present in the environment cannot be cultured, 

their investigation requires the use of molecular tools able to bypass the traditional isolation 

and cultivation of individual species (Amann et al., 1995). Moreover, even when isolation is 

possible, a single species removed from its natural environment might not necessarily display 

the same characteristics under laboratory conditions as it does within its ecological niche 

(Siggins et al., 2012). Therefore, the study of mixed microbial communities within their 

natural environment is the key to investigate the diverse roles played by microorganisms. 

High-throughput sequencing technologies have opened new frontiers in microbial community 

analysis by providing cost-effective tools to identify the microbial phylotypes that are present 

in samples and enhancing our understanding of the microbial communities in a variety of 

environments (Huber et al., 2007; Andersson et al., 2008; Gaidos et al., 2009; Lauber et al., 

2009). Studies based on 16S rRNA analysis have provided detailed insights of microbial taxa 

present in several environments since it represents an excellent phylogenetic marker (Huse et 
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al., 2008) and enables accurate descriptions of unexplored biodiversity and ecological 

characteristics of either whole communities or individual microbial taxa (Caporaso et al., 

2010). 

In this study first of all we verified through dilution method (Landry & Hasset, 1982) if any 

predation exerted by HNF occurred on prokaryotes at the surface of a coastal station in the 

North Adriatic Sea. We focused on small (<10 µm) protists, since size-fractionation studies 

revealed that most of the bacterivorous activity in marine and freshwater plankton is exerted 

by this class of HNF (Sherr & Sherr, 1991). We also evaluated the effects of smaller HNF 

bacterivory on the bacterial community composition. We focused on HNF <3µm, since they 

were expected to be the most abundant ones (Vaqué et al., 2008). We then assessed the 

taxonomic composition and biodiversity of the bacterial community, to test the hypothesis 

that HNF predation is selective on bacterial communities and to investigate the presence of a 

trophic cascade involving large (> 3 µm) and small (<3 µm) HNF. 

 

Experimental procedures 

Sample collection 

In situ temperature, salinity, dissolved oxygen, chlorophyll a and pH were obtained by means 

of a SeaBird multiprobe. 

Surface seawater samples were collected from a Northern Adriatic Sea station, offshore the 

NIB Laboratory of Piran (45°32′N 13°34′E, Slovenia) in June 2009 and gently pre-screened 

through a 10µm Nitex mesh to remove predators larger than HNF. Cell-free water was 

obtained by filtering the same water on a hydrophilic 0.22 µm Durapore membrane 

(Millipore
®

) by a vacuum pump. All instruments were washed with 10% HCl and thoroughly 

rinsed with deionised water.  

 

Experiment set up 

The estimation of the grazing activity exerted on bacteria by HNF was performed through 

dilution experiments (Landry & Hassett, 1982). The approach relies on the dilution of natural 

water samples with variable proportions of 0.22 µm filtered seawater in order to reduce 

encounter rates between prey and their grazers. 
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To estimate HNF predation on bacteria four dilutions were set up as follows: 100% (whole 

seawater), 80%, 50% and 10% for both the T0 and the T24 treatments. For the 24 hours 

incubation a volume of about 1 L was additionally filtered on 3 µm filter (T24_3µm) in order 

to remove the pressure given by HNF predators larger than 3 µm on picoplanktonic 

organisms. Three replicates were made for each sample. T24 samples were incubated in glass 

bottles for 24 hours in situ at a depth of about 2-3 m. Samples aimed at quantitative analysis 

were fixed with 2% formalin filtered on 0.22 µm Acrodisc
®

 Syringe Filter and stored in the 

dark at 4°C. For the metagenetic analysis, replicated T0, T24 and T24_3µm samples were 

pooled and 1L each was filtered on hydrophilic 142 mm diameter 0.22 µm Durapore 

membrane (Millipore®) by a vacuum pump. Each filter was cut in four sections and each 

section was plunged into 7 mL of sucrose lysis buffer (750 mM sucrose, 50 mM Tris-HCl pH 

8, 40 mM EDTA pH 8) and stored at -80°C until DNA extraction.  

 

Quantitative analysis  

Cell abundances were determined using epifluorescence microscopy. Analyses were carried 

out following the modified Porter & Feig's method (1980). Heterotrophic bacteria were 

stained for at least 15 minutes in the dark with 4’6–diamidino–2–phenylindole (DAPI, Sigma) 

at 1µg mL
-1

 final concentration, while the autotrophic fraction was separately filtered. 

Heterotrophic prokaryotes were filtered in 9 replicates whereas 3 replicates were filtered for 

the autotrophic picoplankton on black 0.2 µm polycarbonate filters (Nuclepore
TM

) laid over 

pre-wetted 0.45 µm nitrocellulose backing filters (Millipore
®

) by a vacuum pump with a 

depression between 0.2 – 0.3 atm. Filters were finally stored at -20°C until their processing. 

Picoplankton counts were conducted with a 100x oil immersion objective using an Olympus 

BX60 F5 epifluorescence microscope equipped with a 100 W high – pressure mercury burner 

(HPO 100 W/2). The abundance of autotrophic picoplankton was determined by using blue 

light (450 to 490 nm) and counting at least 150 cells. The heterotrophic component was 

observed through a UV filter (365 nm) counting at least 200 cells. Cell numbers of hetero- 

and autotrophic picoplankton were converted to carbon biomass using a factor of 20 fg C cell
-

1
 (Ducklow & Carson, 1992) and 200 fg C cell

-1
 (Caron et al., 1991), respectively. The 

apparent growth of prey was calculated for both heterotrophic and autotrophic organisms 

following the formula (1/t)ln(Ct/C0) and correlated to dilution factors. The apparent growth 

coefficient (k) and the grazing coefficient (g) were achieved from the regression line. Other 
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parameters describing carbon fluxes linked to predation were calculated, such as ingestion 

rate (I = g × Cm; µg C L
-1

 g
-1

) and production (Pr = C0 × (k - g); µg C L
-1

 g
-1

), where C0 is the 

mean prey biomass at the beginning of the experiment, Cm (= (C0 /Ct )/2) the mean prey 

biomass during the whole experiment. They represent the bacterial biomass removed by HNF 

and produced during incubation, respectively. 

HNF abundance was determined using epifluorescence microscopy after DAPI staining (as 

above). Samples were filtered on 0.8 µm black stained polycarbonate filters (Nuclepore
TM

). 

Significant counts matched at least 100 to 150 cells per sample of each replicate. HNF 

biomass was estimated by measuring the linear dimension and equating shapes to spheres. 

The resulting volumes were transformed into organic carbon values by using the conversion 

factor of 183 fg C mm
–3

 (Caron et al., 1995). HNF were divided into 3 size classes: < 3, 3–5 

and 5–10 µm. 

 

DNA Extraction 

A modified protocol by Giovannoni et al. (1990) was followed for DNA extraction. Samples 

were first thawed and shaked at max speed for 10 minutes with 770 mg glass beads of 0.1 mm 

diameter (Cell Disruption Media
TM

, Scientific Industries, Inc.). One-tenth volume of 1 mg 

mL
-1

 lysozyme was added with incubation at 37°C for 1 hour. Successively, one-fourth 

volume of 5X proteinase K/SDS solution (Proteinase K 2.5 mg mL
-1

, SDS 5%) was added 

and samples were incubated over night at 55°C. The day after glass beads were removed and 

0.6 volumes of 5M NaCl with 0.14 volumes of CTAB/NaCl (10% CTAB in 0.7 M NaCl) 

were added. Following incubation at 65°C for 10 minutes we pursued with a traditional 

chlorophorm-based DNA extraction. Nucleic acid concentration was measured by Quant-iT
TM

 

dsDNA BR assay kit (Invitrogen
TM

) and its integrity was checked on agarose gel. 

 

Amplification and sequencing 

We amplified 50 ng of genomics DNA using Phusion
®

 Hot Start DNA Polymerase 

(Finnzymes) according to the manufacturer's instructions at the following conditions: 95°C 

for 1’, 30 three steps cycles at 95°C for 20”, 65°C for 15”, 72°C for 30” and a final extension 

step at 72°C for 1’. Selected primers (F8 5’-AGAGTTTGATCCGGCTCAC-3’, R534 5’-
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ATTACCGCGGCTGCTGGC-3’; Liu et al., 2007) amplified eubacterial V1-V3 region of the 

16S rDNA producing a 500 bp amplicon. Multiplex identifier (MID) tags and 454 A and B 

adapters were added to the primers to allow pooling of the amplicons generated from different 

samples. The amplicons were purified with Agencourt
®

 AMPure
®

 XP System (Beckam 

Coulter Genomics, Inc.), quantified by Quant-iT
TM

 dsDNA BR Assay (Invitrogen
TM

) and 

their integrity was checked on agarose gel. The sequences were obtained by the W.M. Keck 

Center (University of Illinois) through a pyrosequencing on 1/8
th

 lane of a Titanium plate via 

Roche 454. Pyrotag sequences have been deposited in the National Center for Biotechnology 

Information (NCBI) Sequence Read Archive (SRA) under the accession numbers 

SRX265350, SRX265351 and SRX265352 (BioProject PRJNA196690). 

 

Data analysis 

Barcoded multiplex pyrosequences were initially trimmed and quality checked with the CLC 

Genomics Workbench, ver. 5.5 (CLC Bio). We then analyzed sequences using the automated 

16S rRNA pipelines provided by the CloVR software package (http://clovr.org - Institute for 

Genome Sciences - University of Maryland Baltimore). The CloVR-16S pipeline employs 

several well-known phylogenetic tools and protocols for the comprehensive analysis of 16S 

rRNA sequence datasets (Angiuoli et al., 2011; White et al., 2011). The high-quality dataset 

created after trimming and quality check was used as input to the CloVR-16S pipeline. 

Sequence clustering, classification and phylogenetic tree construction were done with Qiime, 

a Python-based workflow package, allowing for sequence processing and phylogenetic 

analysis using different methods including UCLUST, RDP Bayesian classifier, PyNAST and 

FastTree. Mothur, a C++-based software package for 16S analysis, and UniFrac, a 

phylogenetic distance metric, then computed rarefaction curves and diversity estimators 

across samples (alpha- and beta-diversity). The output from the taxonomic classification of 

each sequence from all samples by the Qiime/RDP classification step was further analyzed 

and graphically represented using the Metastats program and customized scripts in the R 

programming language. The Metastats program uses count data from the taxonomic 

assignment of sequences with the Qiime/RDP classifier to detect significant abundant 

variations in taxonomic groups calculated on different taxonomic levels (phylum, class, order, 

family, genus). Finally a R script called Skiff was used to normalize taxon counts and to 

generate histograms of the relative abundances. Distance matrices for samples and taxonomic 
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groups were calculated by using an Euclidean distance metric. Complete-linkage (furthest 

neighbour) clustering was employed to create dendrograms of samples and taxa. To deeply 

evaluate the presence of some important components of marine bacterial communities, we 

then recovered from RDP and ARB-SILVA databases sequences of SAR11, Synechococcus 

and Prochlorococcus and aligned them against the subgroups of our sequences identified as 

‘unclassified Alphaproteobacteria’ and family GpIIA (Cyanobacteria) with the CLC 

Genomics Workbench, ver. 5.5. 

 

Results 

Characteristics of the sampling station 

Samples were collected at surface (-0.50 m) offshore the NIB Laboratory of Piran. In situ 

environmental parameters were: temperature 20.78°C, salinity 34.95, dissolved oxygen 7.13 

mg L
-1

, chlorophyll a 0.54 µg L
-1

, and pH 8.22. 

 

Quantitative results 

At the beginning of the experiment, in situ abundances of heterotrophic prokaryotes (HP) and 

autotrophic picoplankton (AP) and heterotrophic nanoflagellates (HNF) were 6.79 ± 0.54×10
8
 

cells L
-1

, 4.67 ± 0.16×10
7
 cells L

-1
, 33.04 ± 0.82×10

5
 cells L

-1
, respectively. 

 

Table 1 - Abundances (cells L
-1

) and biomass (µg C L
-1

) of heterotrophic bacteria, autotrophic bacteria 

and heterotrophic nanoflagellates. Values were obtained through epifluorescence microscope, employing 

conversion factors recovered from literature: 20 fg C cell
-1

 for heterotrophic picoplankton, 200 fg C cell
-1

 for 

autotrophic picoplankton and 183 fg C mm
–3

 for nanoplankton. HNF were divided into 3 size classes: < 3, 3–5 

and 5–10 µm. 

Heterotrophic bacteria Autotrophic bacteria Heterotrophic nanoflagellates 

×108 cells L-1 µg C L-1 ×107 cells L-1 µg C L-1 ×105 cells L-1 µg C L-1 

T0 6.79 ± 0.54 13.59 ± 1.07 4.67 ± 0.16 9.34 ± 0.32 total 33.04 ± 0.82 12.41 ± 1.92 

    
<3 µm 22.02 ± 1.51 3.30 ± 0.23 

    
3-5 µm 10.20 ± 1.60 6.27 ± 0.99 

    
5-10 µm 0.71 ± 0.21 2.85 ± 1.23 

    
T24 10.5 ± 1.20 21 ± 2.46 5.78 ± 0.38 11.56 ± 0.76 total 27.53 ± 5.80 12.02 ± 3.30 

    
<3 µm 19.63 ± 3.72  2.93 ± 0.55 

3-5 µm 6.72 ± 2.9  4.11 ± 1.79 

          5-10 µm 1.20 ± 0.31 4.99 ± 1.23 
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Biomass was 13.59 ± 1.07 µg C L
-1

 for HP, 9.34 ± 0.32 µg C L
-1

 for AP and 12.41 ± 1.92 µg 

C L
-1

 for HNF. Small size HNF (<3 µm) numerically dominated the bacterivorous assemblage 

whereas larger organisms (5-10 µm) showed the lowest abundance. Total HNF biomass was 

dominated by organisms between 3 and 5 µm (Table 1). 

The apparent bacterial growth was calculated from epifluorescence microscope counts and 

correlated to the dilution factor to obtain a quantitative estimation of predation. A positive 

linear relationship was found for HP (r = 0.959, p < 0.001). Rates of mortality due to 

predation (g) and instantaneous growth rate (k) were obtained by the regression line (1.82 d
-1

 

and 2.15 d
-1

, respectively), corresponding to an ingestion rate (I) of 31.47 µg C L
-1

d
-1

 and a 

production (Pr) of 4.52 µg C L
-1

d
-1

. On the contrary, AP did not show any significant 

relationship between apparent growth and dilution factor (r = 0.615, p > 0.05). At the end of 

the incubation, abundances of HP, AP and HNF were 10.5 ± 1.20×10
8
 cells L

-1
, 5.78 ± 0.38 

×10
7
 cells L

-1
, 27.53 ± 5.80×10

5
 cells L

-1
, respectively, corresponding to biomasses of 21.00 ± 

2.46 µg C L
-1

 for HP, 11.56 ± 0.76 µg C L
-1

 for AP and 12.02 ± 3.30 µg C L
-1

 for HNF. As at 

the beginning of the incubation, small size HNF (<3 µm) numerically dominated the HNF 

assemblage whereas larger organisms (5-10 µm) dominated total flagellate biomass (Table 1). 

 

Sequencing data 

From the sequencing a total of 42,185 raw pyrosequences of the V1-V3 hypervariable regions 

were obtained, with a number of the reads between 13,485 and 15,075 per sample (Table 2). 

After quality filtering 38,228 reads were recovered, with an average length of 479.87 base 

pairs, corresponding to 1051, 1020 and 1158 unique Operational Taxonomic Units (OTUs) in 

the T0, T24 and T24_3µm samples, respectively. 

 

Table 2 - Results of the 16S rDNA sequencing. Overview of the results of trimming, quality filtering, OTU 

detection, taxa identification and diversity indices calculation (H’, Shannon index, J, Pielou index). 

Observed OTUs defined with 97% of similarity threshold. All parameters are obtained through the CloVR-

16S pipeline. 

Sample 
Raw 

reads 
Trimmed reads 

Observed 

OTUs 

Identified 

taxa 
Chao 1 H' J 

Total 42,185 38,228 3,229 157 - - - 

T0 13,625 12,402 1,051 120 2,136 4.67 0.67 

T24 13,485 12,301 1,020 99 1,627 4.72 0.68 

T24_3µm 15,075 13,525 1,158 90 2,054 4.87 0.69 
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Through RDP Classifier we identified a total of 157 distinct taxa. All sequences were 

identified as belonging to Bacteria, while neither Archaea, nor unidentified sequences were 

detected. 

Figure 1 displays rarefaction curves of each treatment, based on an OTU genetic distance of 

3%. We also estimated the predicted total number of OTUs by calculating the Chao1 index 

(Table 2). Curves indicated that the sequencing effort was not large enough to capture the 

complete diversity of these communities, as the curves did not level off with increasing 

sample size. The Chao1 index predicted a total number of phylotypes between 1,627 and 

2,136 in the three treatments. Data suggested that additional sampling could have led to 

significantly higher estimates of total diversity. 

Analysis of the normalized abundance of taxa revealed that 87-93% accounted each for less 

than 1% of the relative frequency within the 3 samples, while altogether they represented the 

9-10% of the total abundance. The 65% of the relative frequency was then represented by 

only 3 taxa, with 67% in T0 and T24 and with 72% in T24_3µm. 

 
Figure 1 - Rarefaction curves of the different treatments within predation experiment. The curves 

were obtained with Mothur package within the CloVR-16S pipeline by randomly resampling the 

normalized sequence reads and plotted as the number of observed operational taxonomic units (OTUs) 

versus the number of normalized sequence reads sampled. Each OTU is composed of a set of sequences 

with a similarity equal to or greater than 97%. Figure highlights the effect of the sequencing effort on the 

estimation of alpha diversity. 

 

To reduce the possible effect of sequencing artifacts without excluding ‘rare’ taxa, defined as 

those present at 0.1-1% of total frequency (Fuhrman, 2009), we considered only taxa with a 

frequency ranging between 0.1% and 100% in subsequent analyses, identifying 35 taxa, 26 

(74.29%) out of which were classified as rare. 
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Biodiversity of natural assemblages 

In all treatments (Figure 2) the most abundant taxa belonged to the class Alphaproteobacteria 

(51.52% ± 3.54%) followed by Flavobacteria (29.99% ± 2.93%) and Sphingobacteria (7.59% 

± 2.4%), both within the phylum Bacterioidetes. Cyanobacteria represented the fourth most 

abundant group (6% ± 1.52%) of our dataset, predominantly constituted by the family GpIIA 

(92.30% ± 3.15%), while the remaining were classified as algal plastids. For the complete 

taxonomic list, see Supporting Information (Table S1). 

By using RDP Classifier we did not detect clade SAR11, one of the most common 

Alphaproteobacteria subgroup because RDP  assigned  this clade to the ‘unclassified 

Alphaproteobacteria’ group, hiding its presence. Aligning the subgroup ‘unclassified 

Alphaproteobacteria’ from our dataset with public SAR11 sequences, the clade accounted for 

about 85.60 ± 1.76% of the ‘unclassified Alphaproteobacteria’ (identity 98%, max e-value 

1.61E
-101

) in the three treatments, which corresponds to 19.33 ± 1.72% of the whole bacterial 

community. 

 
Figure 2 - Taxonomic community composition of each treatment. Abundance of bacterial 

phylogenetic groups at class level in T0, T24 and T24_3µm samples are expressed as relative percentage 

abundance of 16S rRNA sequences assigned to each class using the RDP classifier within CloVR-16S 

pipeline. Classes with frequency lower than 0.5% were grouped together. 

 

Similarly, we aligned GpIIa sequences against Synechococcus and Prochlorococcus available 

sequences. Synechococcus represented 67.04 ± 5.25% (identity 98%, max e-value 1.40E
-104

) 

of the GpIIa group, while Prochlorococcus accounted for 32.10 ± 2.46% (identity 98%, max 

e-value 6.20E
-106

). 
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Changes during incubation: T0 vs T24_3µm 

Significant frequency variations between T0 and T24_3µm treatments are reported in Table S2. 

Fifteen taxa did not display any significant frequency variation between treatments. Among 

the others, the greater increases (80-600% of abundance frequency) were recorded for 

members of families Rhodobacteraceae and Flavobacteriaceae, in genera such as Polaribacter 

(+693.18%), Sulfitobacter (+126.19%), Silicibacter (+110.77%), Nereida (+121.60%), 

Algibacter (+101.73%) and Shimia (+80%). On the contrary, other groups displayed 

significant frequency reduction between the two treatments. The most relevant reductions 

were detected for the genera Janthinobacterium (-82.81%), Novosphingobium (-74.21%), 

Micrococcineae (-54.85%). 

 

Changes during incubation: T0 vs T24 

Significant frequency variations between T0 and T24 treatments are reported in Table S2. No 

significant variation was observed for 24 out of 35 taxa. Three genera displayed a frequency 

increase higher than 100% (Polaribacter +777.14%, Roseicyclus +161.17%, Sulfitobacter 

+110.60%) while minor increases were registered for the genus Thalassobius (+53.39%) and 

the family Rhodobacteraceae (+48.34%). The greater decreases were shown for genera 

Micrococcineae (-54.85%), Psychroserpens (-48.11%) and ordo GpIIa (-42.88%), followed 

by the genus Balneola (-44.53%), the ordo Rhizobiales (-34.05%) and the family 

Rhodospirillaceae (-30.49%). 

 

Discussion 

The heterotrophic prokaryotic community is the most important biological compartment 

involved in the transformation and mineralization of the organic matter in aquatic systems. It 

also constitutes a key source of prey for higher trophic levels, mainly flagellates, ciliates and 

mesozooplankton (Pernthaler, 2005; Berdjeb et al., 2011). Our conceptual understanding of 

the role of heterotrophic prokaryotes in pelagic systems and in global biogeochemical cycles 

is closely linked to how their growth rate, abundance, distribution and diversity are modulated 

(Gasol et al., 2002). Protists play a pivotal role in structuring natural prokaryotic 

communities. Both experimental investigations and field studies indicate that the community 

structure of pelagic prokaryotic assemblages can be shaped substantially by protistan 
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predation. Here we report a case-study on the effect of predation on the structure of 

prokaryotic community in surface coastal water, coupling a traditional quantitative dilution 

method with next generation sequencing technologies. Although the dilution protocol is 

considered a ‘standard’ method for the determination of predators grazing (Dolan et al., 

2000), it has been largely debated over the last 20 years (Bamstedt et al., 2000; Strom 2000; 

Caron 2001; Jürgens & Massana, 2008) due to the potential problems in the determination of 

HP mortality caused by HNF, mainly because of enrichment in DOC due to filtration steps. 

Sloppy feeding has also been shown to influence the trophic cascade by providing a source of 

nutrients and this is greatly altered in these experiments. We are aware that results of the 

dilution approach should be treated with caution due to the intrinsic difficulty in reproducing 

experimentally natural conditions, but nevertheless it can provide a rough estimation of the 

mortality rate due to predation. Dilution experiment quantitatively verified the presence of 

significant grazing pressure on picoplankton while sequencing accurately evaluated which 

taxa were mostly affected by predation, more deeply investigating trophic interactions within 

the microbial world. We were also interested in understanding the effects of small HNF (< 

3µm) on the taxonomic composition of bacterial community. These predators are reported to 

be the first level of grazers in several environments, such as coastal waters and oligotrophic 

ecosystems (Reckerman & Veldhuis, 1997; Caron et al., 1999; Guillou et al., 2001). The 

comparison among the three samples (T0, T24, T24_3µm) allowed us to understand if HNF 

community displays prey selectivity and which bacterial groups were involved.  

Quantitative analysis through epifluorescence microscope firstly confirmed that bacterial 

abundances corresponded to values recorded for surface environments in the Mediterranean 

Sea and revealed a significant HP biomass loss due to HNF predation confirming the presence 

of top down control exerted by HNF. On the contrary, autotrophic picoplankton seemed not to 

be affected by bacterivores, as no significant biomass loss was observed. The subsequent 

analysis of 16S rDNA sequences highlighted that communities in the North Adriatic coastal 

surface seawaters were structured around a relatively small number of abundant groups and a 

large number of scarcely represented organisms in agreement with recent studies that reported 

rank abundance curves for bacteria having extremely long tails suggesting that microbial 

communities are dominated by a ‘rare biosphere’ characterized by low-abundance species 

acting as a dormant ‘seed-bank’, fundamental for the community response to environmental 

changes or extinction of other taxa (Pedrós-Alio, 2006; Galand et al., 2009). This distribution 

has been reported by several authors in different environments, such as hydrothermal vents 



Biodiversity changes of bacterial community under predation pressure analyzed by 16S rRNA 

pyrosequencing 

139 

(Huber et al., 2007), deep sea (Sogin et al., 2006), coastal waters (Gilbert et al., 2009) and 

soil (Roesch et al., 2007). 

In all treatments the most abundant taxa belonged to the class Alphaproteobacteria followed 

by classes Flavobacteria and Sphingobacteria, the latters comprised within the phylum 

Bacterioidetes. This is not surprising since these groups are known to be the major 

constituents of the bacterial community in surface marine environments (Na et al., 2011). In 

many studies concerning bacterial diversity, the phylum Proteobacteria, mostly from the alpha 

subdivision, dominates the bacterial community and members of the clade SAR11 are 

ubiquitously present in the ocean, followed by Rhodobacterales (Feingersch et al., 2010; 

Agogué et al., 2011). Also in our dataset Rhodobacterales and Pelagibacter were the most 

common Alphaproteobacteria subgroups, confirming their relevance in marine ecosystems. 

Cyanobacteria are also shown to have an ubiquitous distribution in surface waters (Rusch et 

al., 2007; Friedline et al., 2012) and in our data set they represented the fourth most numerous 

group, predominantly constituted by the family GpIIA, whose major component was 

Synechococcus. 

By analysing frequency variation of taxa during incubation, distinct groups showed different 

changes in the T24 treatment respect to T24_3 µm when both were compared to T0, suggesting 

a different response of bacterial phylotypes to predation pressure. The whole predator 

community and the smaller fraction likely exert distinct grazing selection, differently 

affecting bacterial taxa presence/absence or abundance. Some taxa (68.57% and 45.86% in 

T24 and T24_3 µm, respectively) did not display any significant frequency variation after 24 h. 

All these phylotypes were likely not affected by predation. It is interesting to note that 

Alphaproteobacteria group, which is manly consituted by SAR11 clade, was not  affected by 

HNF predation. This evidence could explain the success of this clade all over the oceans. 

Sequence data highlighted that some taxa are preferentially grazed by small HNF. The 

removal of larger HNF induced high frequency decrease (e.g. Micrococcineae, 

Janthinobacterium, Novosphingobium) suggesting that these organisms were negatively 

affected by the specific predation of smaller flagellates. Small HNF are well known to be 

mainly responsible for the removal of HP. Unrein et al. (2007) calculated that flagellates <5 

µm in size accounted for up to 80% of the total measured bacterivory in Blanes Bay. Our 

study suggest that HNF < 3 µm may also alter the taxonomic composition of bacterial 

assemblages. Interestingly, some of the taxa decreasing in T24_3 µm did not display 
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significant frequency reduction in T24 sample, namely in the presence of the whole HNF 

community, whereas other groups (e.g. Thalassobius, Polaribacter) showed a lower increase 

compared to the T24_3 µm sample, confirming the presence of a trophic cascade 

encompassing 3 trophic levels, picoplankton - small HNF - larger flagellates and ciliates 

(Guillou et al., 2001). Within this model, nanoflagellates <3 µm in size are the principal 

predators of picoplankton and these small nanoflagellates are, in turn, consumed by 3-10 µm 

nanoflagellates (Lin et al., 2009). Smaller HNF were confirmed to represent the first level of 

grazers. 

Other taxa are preferentially consumed by larger HNF (e.g. GpIIa and Psychroserpens). A 

significant amount of grazed bacteria accounted for less than 1% of frequency at the 

beginning of the experiment, thus being considered as rare taxa. HNF could display selectivity 

towards less abundant taxa among all possible preys, not indiscriminately grazing only on the 

abundant ones. Since rare biosphere seems to be metabolically active and has a great 

ecological role acting as a ‘seed-bank’ (Sogin et al., 2006; Pedrós-Alió, 2007; Galand et al., 

2009), HNF could then influence community capability to respond to environmental changes 

by altering rare taxa abundances, possibly modifying also ecosystem functions. 

Some groups displayed a great increase during incubation in both T24 and T24_3 µm. These 

organisms were likely not susceptible neither to predation nor to mortality associated to other 

biological processes (e.g. viral lysis) and incubation provided favorable environmental 

conditions for their growth. The influence of the experiment setup on natural community is 

well documented. Filtration procedures could have partially broken microbial cells, creating 

an environment enriched in organic matter and promoting the increase of specific groups. 

Indirect effects associated with grazing such as changes in substrate conditions due to the 

release into the environment of nutrients, via DOM production or sloppy feeding, could have 

also stimulated cell growth, as reported by other authors (Simek et al., 2001; Bonilla-Findji et 

al., 2009). Also the availability of new ecological niches as a consequence of the removal of 

competitors could explain their enhancement. 

In contrast with cell counts, sequence analysis highlighted that HNF predation affected also 

phototrophic organisms. As reported in Table S1, Cyanobacteria belonging to the ordo GpIIa 

accounted for 6.85% of the initial bacterial reads. After incubation their frequency decreased 

by about 40%. Probably, epifluorescence microscope was not able to reveal such change since 

initial total autotrophic cell number was too low to detect significant variations within the 24h 
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experimental time course. Our data indicated that sequencing techniques could highlight 

changes not detectable through traditional observation, increasing the resolution of the 

analysis. 

This study evidenced that HNF controlled bacterial biomass in seawater ecosystems, shaping 

community composition through active grazing selection. As evidenced by a Qiime-based 

analysis in Figure 3, T24 and T24_3 µm samples clustered together. The presence of HNF can 

thus modify community structure, changing presence/absence or relative abundance of 

bacterial taxa. 

Studies of bacterial communities using culture-independent techniques, such as the one here 

presented, may provide qualitative and quantitative evaluation of the grazing process 

occurring in marine microbial communities. Metagenetic analysis on our samples represents 

the first high-throughput sequencing of bacterial populations living in coastal surface seawater 

in the North Adriatic Sea, paying particularly attention to HNF predation on bacteria. To the 

best of our knowledge, we applied for the first time the traditional ‘dilution method’ coupled 

with 454 sequencing by targeting the V1-V3 hypervariable region within 16S rRNA gene. 

Combining these approaches, we highlighted that (1) HNF predation controls bacterial 

biomass, exerting an efficient top-down control and selecting certain taxa among all possible 

preys, thus shaping community composition, although we are aware that also viral lysis could 

modify microbial community structure; (2) some taxa are consumed mainly by larger HNF (3-

10 µm), while others are grazed by smaller ones (<3 µm), confirming the importance of the 

small fraction of HNF in the flow of carbon and nutrients throughout the marine microbial 

food web and in controlling bacterial community through predation; (3) a trophic cascade 

regulates the microbial food web, with small grazers consumed by larger ones such as 3–10 

µm flagellates, ciliates and even small metazoans; (4) HNF predation in pelagic environment 

does not affect only dominant species, but could influence also the rare ones, possibly 

modifying the ecosystem functioning; (5) predation could facilitate some groups, which 

seemed to be stimulated by recycling of nutrient through the release of organic matter or the 

availability of new ecological niches, processes both related to grazing. 
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Figure 3 - Hierarchical clustering of samples. Heatmap was obtained though Qiime-based methodology 

within CloVR-16S pipeline utilizing the furthest-neighbor algorithm with a Euclidean-distance metric. 

Displayed values are log-transformed relative abundances within each sample for all recovered taxa and 

are reported at the genus level. Log-transformed proportions are useful for visualizing similarities or 

differences between samples. 

 

This study also demonstrated the necessity of coupling traditional quantitative approach to 

sequence analysis. Apparently, sequence analysis achieved different results from microscope 

analysis, as pointed out in the case of autotrophic picoplankton. Actually, pyrosequencing 

assigned higher resolution to our study, revealing changes not observed through microscopy. 

Thus, a cost-effective and massively parallel sequencing technology allows analysis of taxa 

present in low abundance, enabling an accurate evaluation of the effects of biological 

processes occurring in microbial communities. 
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General conclusions 

Heterotrophic nanoflagellate (HNF) grazing is one of the major source of prokaryotic 

mortality in marine ecosystems, acting as a strong selection pressure on communities. 

Protozoans may thus affect prokaryotic abundance and alter the diversity and the taxonomic 

composition of the prey community, as individual prokaryotes can develop distinct grazing-

resistant mechanisms. Moreover, the microbial loop is well known to regulate carbon fluxes 

in surface marine environments but few studies have quantified the impact of HNF predation 

on prokaryotes in the dark ocean. The present work was aimed to investigate the impact of 

HNF predation on the prokaryotes biomass and community structure in surface and deep 

waters, evaluating also the effects of small HNF (<3 µm), which are known to dominate nano-

sized compartment and represent the main bacterivores in aquatic ecosystems. In addition, the 

main environmental drivers shaping microbial community diversity were analyzed.  

My PhD research led to important progresses in the comprehension of microbial dynamics 

regulating carbon cycles and bacterial diversity in the Adriatic and Ionian basins. 

1. Prokaryotic abundance and biomass were one order of magnitude higher in the photic 

than in the aphotic layers of Southern Adriatic and Ionian Seas (surface biomass 9.00 ± 

2.11 µC L-1, deep biomass 1.68 ± 1.76 µC L-1). The Northern Adriatic community 

presented the highest biomass value (57.46 µC L-1), according to its richer trophic 

status. 

2. Flagellates were demonstrated to efficiently control their preys (ingestion rates: 7.86-

22.26 µg C L-1 in surface experiments, 0.53-10.61 µg C L-1 in deep experiments), 

causing important losses in the potentially produced prokaryotic biomass. Despite 

picoplankton and HNF abundance reduction with depth contrasts with the hypothesis 

that at least 108 picoplanktonic cells L-1 are necessary to sustain HNF community, our 

data confirm that also in mesopelagic waters prey and predator concentrations are 

sufficient to sustain efficient microbial food webs.  

3. All in situ communities displayed the same evenness, being dominated by rare 

phylotypes. Rare taxa were confirmed to represent the major contributors of microbial 

communities, with only a few phylotypes dominant. Mesopelagic bacterial communities 

were as rich and variable as surface assemblages, despite the significant biomass 
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decrease along the water column. Natural archaeal assemblages were characterized by 

very low richness as we recovered only two genera (Cenarchaeum and Nitrosopumilus), 

while in situ bacterial communities were composed by the six major marine phyla 

(Proteobacteria, Cyanobacteria, Bacteroidetes, Actinobacteria, Firmicutes and 

Deinococcus-Thermus), whose contribution varied according to sampling depth. 

4. HNF grazing modified bacterial community diversity in both surface and deep marine 

systems but with different strength. Mesopelagic communities were more sensitive to 

grazing impact, evidencing a bell-shaped response to the increasing ingestion rates. 

Moderate-high top-down control preserved or enhanced bacterial diversity, that fell at 

low predation. In upper communities grazing did not induce wide variations of bacterial 

richness and evenness, revealing to be more stable.  

5. Small HNF (<3 µm) were the dominant size fraction within flagellate communities and 

likely constituted the main bacterivores. After the removal of large HNF, a higher 

fraction of prokaryotic phylotypes was affected. Large protists partially reduced small 

flagellate impact on their preys. Larger HNF had a more important role in photic 

systems compared to mesopelagic waters. The fraction of bacterial taxa favored or 

affected by predation when small HNF were the only predators more markedly varied in 

surface experiments, while few phylotypes changes their behavior between the two size 

treatments in deep experiments. Some taxa were consumed mainly by larger HNF (3-10 

µm), while others were grazed by smaller ones (<3 µm). 

6. Over 50% of the predated phylotypes belonged to the rare biosphere, mainly in the 

surface experiments. Rare bacteria are thus not only a dormant ‘seed bank’ but 

constitute a fundamental component of microbial food webs and actively vector the 

carbon transfer toward higher trophic levels, being as important as dominant organisms.  

7. Although general patterns applicable to all communities were not found, trends of 

selectivity over different phylotypes were highlighted within sampling layer along the 

water column and between different systems. While the majority of predator-prey 

interactions were characteristic to specific environments, some can be considered 

common to different systems (e.g. Burkholderiaceae and Pseudomonadaceae were 

exclusively selected in all mesopelagic sites, Bacterivoracaceae were subjected to small 

HNF predation independently from sampling site or depth).  
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8. The Southern Adriatic and Ionian basins were significantly distinguished by both the 

physicochemical water characteristics and the prokaryotes and protists abundance 

distributions. Cluster analysis based on Jaccard and Bray-Curtis metrics evidenced that 

depth and geographical location of sampling sites influenced bacterial community 

similarity. The Southern Adriatic Sea was clearly distinguished from the Ionian Sea. 

The Northern Adriatic samples were always separated from the others, coherently with 

different biotic and abiotic characteristics of the sub-basin. Additionally, temperature, 

chl a and O2 concentration represented important environmental drivers shaping 

biodiversity of bacterial communities that inhabit Adriatic and Ionian Basins. 

In conclusion, we evidenced that heterotrophic flagellates control bacterial biomass and 

select certain taxa among all possible preys, grazing also on the rare ones. HNF predation 

thus shapes bacterial community structures, which in turn influence the ecosystem 

functioning. Despite the cell abundance decrease of both predators and preys reduces 

encounter probabilities, the dark ocean hosts complex microbial food webs, structured 

around three trophic levels (i.e. prokaryotes, small and large heterotrophic flagellates). 
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HIGHLIGHTS 
• Study of marine bacterial phosphorus regeneration with 64-d mesocosm experiment. 
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• Induction of phytoplankton bloom by adding phosphorus in phosphorus-limited water. 
• After the bloom crash, DOC accumulated despite high bacterial carbon-demand. 
• Bacteria colonized aggregates expressing intense ectohydrolase activities. High carbon 

and phosphorus turnover due to bacterial activity. 
 
ABSTRACT 
The coastal northern Adriatic Sea receives pulsed inputs of riverine nutrients, causing 
phytoplankton blooms and seasonally sustained dissolved organic carbon (DOC) 
accumulation-hypothesized to cause episodes of massive mucilage. The underlying 
mechanisms regulating P and C cycles and their coupling are unclear. Extensive 
biogeochemical parameters, processes and community composition were measured in a 64-
day mesocosms deployed off Piran, Slovenia. We followed the temporal trends of C and P 
fluxes in P-enriched (P+) and unenriched (P−) mesocosms. An intense diatom bloom 
developed then crashed; however, substantial primary production was maintained throughout, 
supported by tightly coupled P regeneration by bacteria and phytoplankton. Results provide 
novel insights on post-bloom C and P dynamics and mechanisms. 1) Post-bloom DOC 
accumulation to 186 µM remained elevated despite high bacterial carbon demand. 
Presumably, a large part of DOC accumulated due to the bacterial ectohydrolytic processing 
of primary productivity that adventitiously generated slow-to-degrade DOC; 2) bacteria 
heavily colonized post-bloom diatom aggregates, rendering them microscale hotspots of P 
regeneration due to locally intense bacterial ectohydrolase activities; 3) Pi turnover was rapid 
thus suggesting high P flux through the DOP pool (dissolved organic phosphorus) turnover; 
4) Alpha- and Gamma-proteobacteria dominated the bacterial communities despite great 
differences of C and P pools and fluxes in both mesocosms. However, minor taxa showed 
dramatic changes in community compositions. Major OTUs were presumably generalists 
adapted to diverse productivity regimes. We suggest that variation in bacterial ectohydrolase 
activities on aggregates, regulating the rates of POM → DOM transition as well as dissolved 
polymer hydrolysis, could become a bottleneck in P regeneration. This could be another 
regulatory step, in addition to APase, in the microbial regulation of P cycle and the coupling 
between C and P cycles.  
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ABSTRACT 
Ostreopsis ovata Fukuyo is a benthic dinoflagellate widespread from tropical to subtropical 
and warm temperate coastal areas world-wide. Since the species produces palytoxin-like 
substances that can accumulate in seafood, the apparent expansion of its range in recent years 
represents an increasing risk for human health. This leads to the necessity of monitoring 
protocols that enable the rapid detection of the presence of this microalga in environmental 
samples and sea-food. We developed an identification protocol based on real-time PCR 
(qPCR) to detect O. cf. ovata presence in different matrices. The protocol was proved to be 
able to reveal microalgal traces in both soft tissues and intervalvar liquid of mussels exposed 
to O. cf. ovata in natural and experimental conditions as well as in seawater samples. O. cf. 
ovata could also be detected in mussel tissues after the end of the bloom, when it was no 
longer detectable in sea water. We were able to detect O. cf. ovata in copepods fed on 
unialgal cultures as well. Cell density estimates based on standard curves resulted to be 
comparable to direct microscopical counts. The method is therefore suitable to ascertain the 
origin of palytoxin-like substances in toxic seafood. In addition, our results confirm that 
mussels and other predators can actually ingest O. cf. ovata cells and act as a vector for toxin 
transfer through both benthic and planktonic food webs. 
 
HIGHLIGHTS 
• Identification of harmful species Ostreopsis ovata using qPCR molecular assay 
• Good amplification efficiency and reproducibility of the assay 
• Amplification of DNA quantities equivalent to less than one algal cell 
• Protocol development for the detection of microalgae presence in tissues of predators 
• Correspondence between molecular assay and microscopic observation 
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2. Meetings 

Antonioli, M., Zoccarato, L., Pallavicini, A., Fonda Umani, S. Evaluation of bacterial 
diversity in surface and deep waters. EMBO Conference on Aquatic Microbial Ecology, 
September 8th - 13rd 2013, Stresa, Italy. 

Estimating prokaryote diversity in natural ecosystems is a priority in current ecological research. Spatial and 

temporal patterns of microbial diversity are obscure, and especially in aquatic systems even less is known on 

the relationship between microbial diversity and ecosystem functioning. Distance, latitudinal gradients and 

environmental factors were demonstrated to influence bacterial community composition in lakes and in the 

ocean. Recent observations evidenced both cosmopolitanism (i.e. global occurrence) and conversely 

provincialism (i.e. geographically localized occurrence) for some microbial species and showed that bacterial 

community composition clustered according to the water masses. Salinity, temperature and consequently 

density act as potential oceanographic barriers separating water masses and their inhabiting bacterial 

communities. Free-living prokaryotes might be trapped in these distinct water masses leading to water mass-

specific prokaryotic community composition and activity. The main aim of the study was to investigate 

bacterial diversity in samples collected in different marine areas from surface and deep waters in order to 

detect differences/similarities between sites and possibly identify common environmental factors controlling 

microbial community diversity. Quantitative analysis was performed through epifluorescence microscope, 

while bacterial diversity was evaluated with ARISA, a fingerprinting technique that relies on the high 

variability of the region between the genes encoding for 16S and 23S rRNA. Rank-abundant curves 

confirmed one of the most familiar patterns in biodiversity research, which implies that in microbial 

communities only a few phylotypes are dominant, whereas most are rare. Surface bacterial assemblages 

presented higher values of OTU richness and Shannon index compared to deeper ones, whereas evenness 

values were similar among all stations. Cluster analysis conducted via UPGMA algorithm produced similar 

results considering similarity indices based upon only presence/absence of identical OTUs and indices that 

evaluated also OTUs relative abundance. Dendrograms showed that surface stations grouped together and 

were separated from deeper stations. Within these two groups, communities clustering reflected the distance 

between sampling sites, confirming the geographic patterns of species diversity. 

 

Zoccarato, L., Antonioli, M., Pallavicini, A., Fonda Umani, S. Assay of the selectivity of 
predation over different microbial populations carried out by marine protists. EMBO 

Conference on Aquatic Microbial Ecology, September 8th - 13rd 2013, Stresa, Italy. 

Oligotrophic  environments  intrigue  because  of  the  key  role  of  the  bacteria  and  their  smallest 

predators in presence of low nutrient concentrations. The grazing activity of small protists shapes the 

microbial community and can change its abundances as well as produces shifts in its composition with 

crucial ecological implications within the marine food web. During the 2011 OBAMA cruise (from March 24 

to April 6), we investigated four sampling sites of two different basins: O_36, O_37B (South Adriatic Sea), 

MS_03A, CF_16 (Ionian Sea). In order to assess that there is a predation and moreover that it is also 

selective against different bacteria populations we set up a fingerprinting experiment based on the Automated 

Ribosomal Intergenic Spacer Analysis (ARISA). For different areas we collect three kind of samples: a T0 in 

which the community dynamics are taken as they are immediately after sampling, a T24 that include an 

incubations of 24 hours at in situ conditions and a T24<3µm that in addition to the incubation, it is free from 

protists larger than 3µm. DNA extraction, PCR amplifications and capillary electrophoresis on a sequencer 

machine, were made later at the home laboratory. OTUs’ compositions in the Adriatic basin result richer 

compared to that of the Ionian one and also the equitability values are slightly higher. Cluster analysis 

conducted via UPGMA algorithm and based on Whittaker index shows that community profiles belonging to 

the same sampling area result effectively less dissimilar between them than to communities belonging to 

different sampling areas. These support the thesis that bacterial community composition clustered according 
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to the water masses. Moreover, CF16 and MS03A share the most abundant OTUs as well as O36 and O_37B 

and from a preliminary analysis it seems not belonging to the same taxa. Comparing the outputs of the two 

different incubations it appears evident as in the absence of larger predators and thus likely of intra-predation 

within the protists, the bacterial communities are simplified with major OTUs that become even more 

abundant and the minor OTUs that decrease in abundance. The presence of the whole nanopredator 

community led to the rise of the intermediate abundance OTUs. 

 

Bongiorni, L., Manfrin, C., Pallavicini, A., Paretti, P., Santos, R. S., Stefanni, S., Antonioli, 
M., Danovaro, R. Microbial diversity and ecosystem functioning in deep-sea sediments 
associated to the CONDOR seamount (Azores, NE Atlantic). EMBO Conference on 

Aquatic Microbial Ecology, September 8th - 13rd 2013, Stresa, Italy. 

Seamounts are isolated elevations of the deep-sea characterized by high biological productivity, spatial 

heterogeneity and the presence of peculiar communities. Although in recent years increasing knowledge has 

been accumulated on seamounts ecology, information on microbial diversity, its distribution and the 

relationships between biodiversity and ecosystem functioning are almost entirely unexplored or limited to 

seamounts with active hydrothermal venting. Prokaryotic abundance and diversity (using molecular 

fingerprinting techniques and 16S rDNA tag pyrosequencing) was investigated together with abundances of 

other microbial components (heterotrophic nanoflagellates and protistan-like fungi) in sediments associated 

to the Condor Seamount (NE Atlantic, Azores). Five different seamount zones, at water depth between 200 

and 1900 m, were investigated: the summit, the northern flank and base and the southern flank and base. In 

addition, a far field site located 10 nautical miles away from the seamount was selected as reference. In order 

to explore ecosystem functioning we also measured quantity and biochemical composition of sediment 

organic matter, prokaryotic C production, extracellular enzymatic activities and microbial biomass ratios. All 

the sampling stations differed in term of grain-size and organic matter quantity and quality. Microbial 

assemblages changed significantly among seamount areas. Our results pointed to a clear influence of local 

hydrodynamic conditions and quality of sediment organic matter in shaping the relationship between 

microbial diversity and ecosystem functioning. 

 

Fonda Umani S., Antonioli M., Malusà A., Zoccarato L., Malfatti F., Pallavicini A. Stime 
degli effetti della predazione del microzooplancton e del nanoplancton sulla biodiversità 

ai primi livelli della rete trofica pelagica marina (Estimation of the effects of 
microzooplankton and nanoplankton predation on biodiversity of the first levels of pelagic 
trophic web). XXII Congresso della Società Italiana di Ecologia (XXII Congress of the Italian 

Society of Ecology), September 10th - 13rd, 2012, Alessandria, Italy. 

Gli esperimenti di diluizione sono utilizzati per valutare il tasso d’ingestione del microzooplancton, 

utilizzando come proxy la concentrazione della clorofilla a all’inizio e alla fine del periodo di incubazione. 

Noi ci siamo focalizzati sugli effetti indotti dalla produzione di microzooplancton e nanoplancton eterotrofo 

su specifiche categorie di prede: microfitoplancton, cianobatteri e procarioti eterotrofi in 4 esperimenti 

condotti nel Basso Adriatico e nello Ionio nell’ambito del progetto OBAMA. In alcuni casi, il 

microzooplancton preda il popolamento microfitoplanctonico più abbondante, in ¾ dei casi preda le non 

dominanti Dictyochaceae (Dictyota fibula). Tra i cianobatteri abbiamo distinto quelli che non presentavano 

associazioni con procarioti eterotrofi da quelli che le presentavano (conjoint). In 2 stazioni (Basso Adriatico) 

il nanoplancton eterotrofo preda attivamente entrambe le categorie di cianobatteri, nello Ionio preda soltanto i 

conjoint, anche se questi costituiscono <10% della popolazione di cianobatteri. Abbiamo analizzato la 

selettività della predazione del nanoplancton sui procarioti con la tecnica ARISA: sono state rilevate 

differenze significative sia nella presenza/assenza che nella frequenza relativa di alcuni filotipi durante 
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l’incubazione ed in presenza/assenza di predatori. Le differenze riscontrate in quest’ultimo caso possono 

essere imputate alla lisi virale ed alla competizione tra procarioti. I nostri risultati suggeriscono che la 

predazione è selettiva e contribuisce alla strutturazione della biodiversità nelle comunità delle prede 

considerate. 

 

Antonioli M., Pallavicini A., Fonda Umani S. Preliminary results about 

heteronanoplankton predation effect on deep procaryotic community structure. VIII 
Incontro dei Dottorandi in Ecologia e Scienze dei Sistemi Acquatici (VIII meeting of PhD 

students in ecology and sciences of aquatic ecosystems), 27th February - 1st March, 2012, 
Rome, Italy.  

The microbial loop concept indicates bacteria as consumers of more than half of the primary production in 

marine environment, being then consumed by protists and lysed by viruses. Predation exerted by 

heteronanoflagellates controls both bacterial biomass and diversity, influencing community structure. To 

study the deep Mediterranean microbial food web and quantifying heteronanoplankton predation on 

picoplankton, dilution experiments were performed during an oceanographic cruise in the South Adriatic Sea 

as part of the OBAMA project. Quantitative estimate of predation effect on bacterial biomass was obtained 

through epifluorescence microscopy. In each station, growth rate was lower than grazing-induced mortality 

rate, with negative values of bacterial production. Ingestion rates ranged from 10.653µgC L
-1

 g
-1

 to 0.509µgC 

L
-1

 g
-1

. Automated Ribosomal Intergenic Spacer Analysis (ARISA), was used to evaluate the effect of 

heteronanoflagellate predation on bacterial community diversity, since it enables calculation of richness and 

evenness indices describing bacterial populations. Electropherograms revealed between 12 and 34 phylotypes 

that individually comprised >0.11% of the total fingerprint height. Changes in presence/absence and relative 

frequency of certain phylotypes were seen between the beginning and end of experiments, resulting in 

variations of diversity and evenness indices. These results indicate that heterotrophic nanoflagellates exert an 

efficient top down control on bacterial biomass and influence bacterial community composition and diversity. 

However, it is important to remember that fingerprinting estimates do not include the ‘‘rare’’ taxa. These can 

be detected only through sequencing technologies (e.g.: pyrosequencing), which allow a more detailed 

evaluation of changes occurring in prokaryotic assemblages exposed to protest predation. 

 

 

3. Courses 

EU-US Theoretical and Practical Course on Marine Bioinformatics ‘Marine Omics’ at 

the Delaware Biotechnology Institute in Newark, Delaware, USA (June 16th - 29th, 

2013). Principal subjects: tools for the analysis of biodiversity, (meta)genomics, 
(meta)transcriptomics and associated environmental data from the marine environment 
(protein and nucleic acid sequence databases, R, QIIME, MOTHUR, MG-RAST). 
 

Citation in the scientific communication: from bibliographic software to bibliometrics 

(‘La citazione nel sistema della comunicazione scientifica: dai software bibliografici alla 

bibliometria’) at the University of Trieste, Trieste, Italia (February 18 - 19th, 2013). 

Principal subjects: bibliometric indices (H and contemporary H indices, impact factor), peer-
review process. 
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3rd SItEMICRO course ‘From Cultivation to New-Generation Molecular Methods’ at 

the University of Messina, Messina, Italy (June 7 - 10th, 2011). Principal subjects: 
cultivation techniques in microbial ecology (e.g. different culture media for strain isolation 
and culturing, searching for enzymes and degradation activities), quantitative analysis of 
microbial populations (FISH and Automated Fluorescence Imaging; Flow Cytometry), 
estimating prokaryotic diversity (Fingerprinting and New-Generation Sequence-Based 
Techniques; overview on data interpretation). 

 

4. Oceanographic cruises 

• March 30th - April 7th, 2013: cruise in Ligurian Sea on oceanographic vessel Minerva 
Uno to study the taxonomic distribution and biodiversity of protists along the water 
column, with particular interest on deep sea 

• October 5 - 10th, 2011: cruise in Southern Adriatic and Ionian Seas on oceanographic 
vessel Dallaporta to study trophic interactions within microzooplankton and microbial 
food webs and bacterial diversity in surface and deep environment (project OBAMA for 
the long-term ecological research on the biodiversity and ecosystem functioning of the 
deep Mediterranean Sea)  

• March 24th - April 6th, 2011: cruise in Southern Adriatic and Ionian Seas on 
oceanographic vessel Urania to study bacterial diversity and trophic interactions in 
marine surface and deep environments (project OBAMA for the long-term ecological 
research on the biodiversity and ecosystem functioning of the deep Mediterranean Sea)  

 

Main activities and responsibilities: organization of sampling plans, set up of the experiments, 
use of the main equipment for water sampling, preparation of samples for microscopic 
analysis and genetic analyses 


