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Résumé 
 

L'interaction entre les micro-organismes a un impact profond sur les cycles biogéochimiques 

dans l'océan. La matière organique dissoute (MOD) représente l'un des liens les plus importants 

entre le phytoplancton et les procaryotes hétérotrophes. Dans cette thèse, nous avons étudié, sur 

différentes échelles spatio-temporelles, les associations entre la composition de la communauté 

des procaryotes et les assemblages de diatomées ou les caractéristiques de la MOD dans l'océan 

Austral. Une région particulièrement intéressante est située dans au voisinage des îles 

Kerguelen où la fertilisation naturelle du fer produit des efflorescences massives dominées par 

les diatomées. Nous avons abordé trois questions : (1) La composition des communautés 

diatomées peut-elle expliquer la biogéographie des procaryotes dans les régions de l'océan 

Austral (Chapitre 1)? (2) Comment la succession saisonnière de procaryotes est-elle affectée 

par les efflorescences consécutives du printemps et de l'été dans une région naturellement 

fertilisée en fer de l'océan Austral (Chapitre 2)? (3) Comment les procaryotes et la MOD sont-

ils associés dans les régions où l’apport en fer est contrasté (Chapitre 3)? Pour répondre à ces 

questions, des échantillons prélevés lors de campagnes océanographiques ou par un 

échantillonneur autonome déployé pendant 4 mois dans l'océan Austral (projets SOCLIM et 

HEOBI) ont été analysés. La composition des communautés procaryotes et de diatomées a été 

examinée respectivement par le séquençage à haut débit et par des observations microscopiques. 

La composition moléculaire de la MOD a été étudiée par la spectrométrie de masse de 

résonance cyclotron de transformation de fourrier (FT-ICR MS). 

 

     Dans le Chapitre 1, nous décrivons des assemblages distincts de diatomées et des 

communautés procaryotes dans les eaux de surface des principales régions de l'océan Austral 

au printemps. Les changements de la composition des procaryotes étaient significativement 

corrélés avec ceux des diatomées. En revanche, les changements de la composition des 

procaryotes n'étaient pas liés à la distance géographique et ni aux paramètres environnementaux 

lorsque l'effet des diatomées était pris en compte. Ces résultats révèlent que le patron spatial 

dans la structure des communautés procaryotes est étroitement associé aux changements dans 

les assemblages de diatomées, plutôt qu'à la distance géographique et aux conditions 

environnementales. Nos résultats illustrent le rôle potentiel des diatomées sur la diversité 



		

microbienne dans les eaux de surface de l'océan Austral. 

 

 

Le Chapitre 2 présente une description détaillée de la succession saisonnière des 

communautés procaryotes dites « libre » (fraction de taille < 0.8 µm) et des procaryotes 

attachées aux particules (fraction de taille > 0.8 µm) dans des eaux naturellement fertilisées en 

fer au large des îles Kerguelen (Océan Austral). Nous avons observé des patrons variables dans 

la réponse des taxons procaryotes aux efflorescences consécutives printanières et estivales, 

chacune composée d'assemblages de diatomées distincts. À l'aide d’une analyse en réseau, nous 

avons identifié deux groupes de diatomées représentatifs de l’efflorescence printanière et 

estivale, respectivement, qui avaient des patrons de corrélation opposés avec les taxons 

procaryotes. Les caractéristiques écologiques potentielles des principaux taxons, 

indépendamment ou associées à des diatomées spécifiques, dans cette région naturellement 

fertilisée du fer de fer de l'océan Austral sont discutées. 

 

     Dans le Chapitre 3, nous présentons la composition des communautés procaryotes totales et 

actives et leurs associations aux caractéristiques de la MOD dans les eaux de surface de l'océan 

Austral pendant l'été. Nous avons étudié des sites localisés dans des eaux productives, 

naturellement fertilisées en fer au-dessus du plateau de Kerguelen et dans les eaux peu 

productives au large du plateau. Les corrélations entre la MOD et les communautés procaryotes 

étaient globalement plus fortes aux sites au-dessus du plateau de Kerguelen que dans les eaux 

hauturiers. Au-dessus du plateau, les patrons des associations entre MOD et la communauté 

procaryotes totale étaient différents de ceux des procaryotes actifs. Les composés contenant de 

l'azote avaient des contributions plus élevées aux associations positives entre la MOD et les 

procaryotes actifs qu’à celles entre MOD et procaryotes totaux. Les principaux groupes 

procaryotes actifs qui ont fortement corrélé avec la MOD étaient qualitativement semblables à 

tous les sites, mais quantitativement plus élevés sur le plateau de Kerguelen. Ces résultats nous 

mènent à conclure que la MOD d'origine phytoplanctonique influence la composition des 

communautés procaryotes dans les eaux de surface de l'océan Austral. 

 

 

 

 



		

 
 
 
Summary 
 

The interplay among microbes profoundly impacts biogeochemical cycles in the ocean. 

Dissolved organic matter (DOM) represents one of the most important links between 

phytoplankton and heterotrophic prokaryotes. In this thesis, we investigated the associations 

between prokaryotic community composition and either diatom assemblages or DOM 

characteristics on spatio-temporal scales in the Southern Ocean. A region of particular interest 

is located in the vicinity of Kerguelen Island where natural iron fertilization sustains massive 

diatom-dominated spring phytoplankton blooms. We addressed three questions: (1) Can diatom 

community composition explain biogeographic patterns of prokaryotes across Southern Ocean 

provinces (Chapter 1)? (2) How is the seasonal succession of prokaryotes affected by 

consecutive spring and summer blooms in a naturally iron-fertilized region of the Southern 

Ocean (Chapter 2)? (3) How are prokaryotes and DOM associated in regions with contrasting 

iron supply (Chapter 3)? To answer these questions, samples collected during oceanographic 

cruises or by a remote access sampler deployed for 4 months in the Southern Ocean (SOCLIM 

and HEOBI projects) were analysed. The composition of the prokaryotic and diatom 

communities was examined by High-Throughput-Sequencing and microscopic observations, 

respectively. The molecular composition of DOM was investigated via Fourrier transform ion 

cyclotron resonance mass spectrometry (FT-ICR MS). 

 
     In Chapter 1, we report distinct diatom assemblages and prokaryotic communities in surface 

waters of major Southern Ocean provinces in spring. The compositional changes of prokaryotes 

were significantly correlated with those of diatoms. In contrast, spatial changes in the 

prokaryotic community composition were not related to geographic distance and to 

environmental parameters when the effect of diatoms was accounted for. These results reveal 

that the spatial pattern in the community structure of prokaryotes is tightly associated with 

changes in the diatom assemblages, rather than to geographic distance and environmental 

conditions. Our results illustrate the potential role of diatoms in shaping microbial diversity in 

surface waters of the Southern Ocean.      

 

     Chapter 2 provides a detailed description of the seasonal succession of the free-living (< 0.8 



		

µm fraction) and the particle-attached (> 0.8 µm fraction) prokaryotic communities in the 

naturally iron-fertilized waters off Kerguelen Island (Southern Ocean). We observed variable 

patterns in the response of prokaryotic taxa to the spring and summer blooms, each composed 

of distinct diatom assemblages. Using network analysis, we identified two groups of diatoms 

representative of the spring and summer bloom, respectively, that had opposite correlation 

patterns with prokaryotic taxa. The potential ecological features of key taxa, independent of or 

associated to specific diatoms, in this naturally iron fertilized region of the Southern Ocean are 

discussed. 

 

     In Chapter 3, we present the composition of total and active prokaryotic communities and 

their associations to DOM characteristics in surface waters of the Southern Ocean during 

summer. We investigated sites located in the productive naturally iron-fertilized waters above 

the Kerguelen plateau and in low productive off-plateau waters. The DOM-prokaryote 

correlations were overall stronger at sites located above the Kerguelen plateau than in offshore 

waters. Above the plateau, patterns of associations between DOM and the total prokaryotic 

community were different to those of the active prokaryotes. Nitrogen containing compounds 

had higher contributions to the positive associations between DOM and the active prokaryotes 

than to those between DOM and total prokaryotes. The key active prokaryotic groups that 

strongly correlated with DOM were qualitatively similar at all sites, but quantitatively higher 

on the plateau. These results let us conclude that DOM from phytoplankton origin shape 

prokaryotic community composition in surface waters of the Southern Ocean.  
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1 Hydrodynamics of the Southern Ocean 

 

The Southern Ocean comprises the southernmost waters of the world ocean, characterised as 

an oceanographically complex and biogeochemical important area. It plays a vital role in the 

global climate variability and changes, and the cycling of carbon, oxygen, and nutrients in the 

oceans, mainly based on its importance in the global ocean circulation and water mass 

formation, inter basin connections, and air-sea exchanges of heat, freshwater and tracer gases 

(Sarmiento et al., 2004; Le Quéré et al., 2007; Delworth et al., 2010). The Southern Ocean 

accounts for ~30% of global ocean uptake of CO2, although it represents ~10% of the total 

surface area of the global ocean.  

 

 

1.1 Biophysical zonation of the Southern Ocean  

 

Southern Ocean is a key player in the global ocean circulation and biogeochemical cycles as a 

water mass crossroads (Sloyan and Rintoul, 2001; Sarmiento et al., 2004; Lumpkin and Speer, 

2007). The Antarctic Circumpolar Current (ACC) is a critical component of the global ocean 

circulation (Orsi et al., 1995). It divides the Southern Ocean into three major zones (Fig. 1) 

(Gent, 2016): the Subantarctic Zone (SAZ), the Polar Frontal Zone (PFZ) and the Antarctic 

Zone (AAZ), separated by several fronts including the Subtropical Front (STF), the 

Subantarctic Front (SAF) and the Polar Front (PF) from north to south (Whitworth, 1980; 

Sokolov and Rintoul, 2002). The definition of zones is based on the changing balance of the 

contributions of salinity and temperature to the stratification (Pollard et al., 2002).  

 

The northernmost front is the STF, also called Subtropical Convergence (~40-45˚S, (Deacon, 

1933)), which separates the SAZ from the warmer and saltier subtropical water (Sokolov and 

Rintoul, 2002). Across the STF, the temperature decreases at 150m depth from >12 to <10˚C 

(Sokolov and Rintoul, 2002). The STF will be used as the northernmost boundary (~40˚S) of 

the Southern Ocean in this thesis. The SAF is identified by the vertical changes of salinity with 

the lowest amount in the south of the SAF surface water (Pollard et al., 2002). Across the SAF, 

temperature drops to 2-4˚C (Sokolov and Rintoul, 2002). The SAF is also the north boundary 

of the PFZ, where the warmer SAZ and the colder AAZ waters continuously mix. The PF marks 

the southern boundary of the PFZ with a temperature decrease of ~1-1.5˚C (Moore et al., 1999). 
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The coldest water (< 2˚C) constitutes the AAZ as the major zone in the Southern Ocean 

(Sokolov and Rintoul, 2002). 

 

 
 

Fig. 1 Schematic of the Southern Ocean Meridional Overturning Circulation (MOC), the 

locations of ocean fronts and water masses, and atmospheric forcing and fluxes. Abbreviations: 

AABW, Antarctic Bottom Water; AAIW, Antarctic Intermediate Water; AAZ, Antarctic Zone; 

LCDW, Lower Circumpolar Deep Water; NADW, North Atlantic Deep Water; PF, Polar Front; 

PFZ, Polar Front Zone; SAF, Subantarctic Front; SAMW, Subantarctic Mode Water; SAZ, 

Subantarctic Zone; STF, Subtropical Front; UCDW, Upper Circumpolar Deep Water (adapted 

from Gent, 2016). 

 
 

1.2 Water masses and circulation of the Southern Ocean 
 

Water masses are the phenomenological expression of large-scale ocean dynamical processes, 

which transport both energy (in the form of heat) and matter (solids, dissolved substances and 

gases) around the globe, and have been the foundation to characterize and understand the large-

scale circulation structures in the ocean (Ludicone et al., 2011). Three fronts separate distinct 

water mass regimes of the Southern Ocean from north to south: Subantarctic Mode Water 

(SAMW), Antarctic Intermediate Water (AAIW), Upper Circumpolar Deep Water (UCDW), 

PFZ SAZ

South	 North

STFSAFPFAAZ

Antarctic	
Circumpolar	
Current
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North Atlantic Deep Water (NADW), Lower Circumpolar Deep Water (LCDW), Antarctic 

Bottom Water (AABW) (Fig. 1).  

 

SAMW is beneath the surface of the SAZ and produces large property gradients in terms of 

temperature and salinity (Orsi et al., 1995). AAIW corresponds to the area of the PFZ. It upwells 

to feed northward transport near the surface via westerly wind (Speer et al., 2000). In the AAZ, 

south of the PF, water transition is mainly driven by wind and buoyancy, resulting the 

divergence of surface currents (Fig. 1). UCDW is characterized by high nutrient concentrations 

(Orsi et al., 1995). The upwelling of UCDW induces the interactions with the upper water and 

atmosphere (Speer et al., 2000). LCDW hosts high salinities,	originating as sinking NADW 

(Whitworth and Nowlin, 1987). It moves southwards to form dense and cold AABW. The 

newly formed AABW sinks rapidly and form an abyssal layer beneath the entire Southern 

Ocean (Orsi et al., 1999). AABW contributes a major part of the world ocean, while the 

formation of AABW only occurs in the Weddell and Ross seas. 

 

 

1.3 Upwelling of the Southern Ocean 
 

Upwelling is a wind-driven phenomenon in oceanography, which transfer the dense, cooler and 

usually nutrient-rich water towards the ocean surface. It is a return path of down-welling and a 

key part of the Meridional Overturning Circulation (MOC) (Marshall and Speer, 2012). 

Extensive mixing through MOC takes place between the ocean basins, reducing differences 

between them and making the Earth's oceans a global system. Upwelling is driven by three 

main factors, namely winds, Coriolis effects and Ekman transport. The Southern Ocean hosts 

the strongest surface winds of any open ocean area. Upwelling here is largely driven by winds 

(Marshall and Speer, 2012). It takes nutrient-rich waters from UCDW across the PF and 

towards the PFZ. Here it sinks to form AAIW and then flows across the SAF and the SAZ 

towards the STF and the surface water. As a result, the upwelling of the deep water presents 

the complement of the surface water loss. In this process, some of the cold nutrient-rich water 

returns into the deep ocean interior and contributes to the formation of AABW (Abouchami et 

al., 2011).   
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2 Southern Ocean -- the largest high-nutrient low-chlorophyll region 

 

High-nutrient low-chlorophyll (HNLC) areas are well known as important regions 

characterized by low phytoplankton production but excess macronutrients conditions. The three 

major HNLC regions of the world oceans are the subarctic eastern Pacific, the east equatorial 

Pacific and the Southern Ocean (Falkowski et al., 1998). The Southern Ocean has the largest 

HNLC region of the global ocean, which shows the greatest potential to participate in the global 

carbon cycle and to regulate climate (Sarmiento et al., 1998; Marinov et al., 2006) (Fig. 2). 

 

 (a) 

 
(b)              

 
 

Fig. 2 (a) Average nitrate concentrations (µmol L-1) in surface waters (data from Dec. 1997 to 

Dec. 2015); (b) Average Chlorophyll concentrations (µg L-1) in surface waters (data from Dec. 

1997 to Dec. 2018) (data downloaded from https://giovanni.gsfc.nasa.gov/giovanni/). 
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The oceanic primary production plays a vital role in the global carbon cycle. About one third 

of organic carbon produced by marine phytoplankton are exported into the ocean interior 

(Falkowski et al., 1998). Photosynthesis is critically dependent on Chlorophyll concentrations. 

The mean concentration of Chlorophyll is < 0.3-0.4 µg L-1 in most of the Southern Ocean, 

although it exceeds 1.0 µg L-1 during phytoplankton blooms and in coastal/shelf waters. (Moore 

and Abbott, 2000). 

  

     Iron has great importance in key metabolic processes in the ocean, in particular for 

photosynthesis and respiration and also nitrate reduction, and nitrogen fixation (Morel et al., 

1991; Geider et al., 1993; La Roche et al., 1996; Falkowski et al., 1998). Southern Ocean 

surface waters contain extremely low iron (Fe) concentrations (Coale et al., 2004). In typical 

open ocean surface waters, the Fe concentration is 0.04-0.6 nM (minimum concentrations in 

different Southern Ocean regions; Morre et al., 2003). The “Fe hypothesis” has been originally 

proposed by Martin (1990). It postulates that Fe addition to HNLC waters can increase 

phytoplankton productivity. In turn, it affects atmospheric carbon dioxide sequestration and 

carbon biogeochemistry. This hypothesis has been widely confirmed using short-term Fe-

enrichment experiments (Boyd et al., 2000; Buesseler et al., 2004; Coale et al., 2004; Bakker 

et al., 2005; Croot et al., 2005; De Baar et al., 2005; Boyd et al., 2007) and long-term natural 

iron fertilization (Blain et al., 2007) in the Southern Ocean. Fe bioavailability also affects 

phytoplankton community (De Baar et al., 2005) and induces blooms around island systems in 

the Southern Ocean such as the Crozet Islands (Metzl et al., 1999; Sedwick et al., 2002), South 

Georgia (Moore and Abboot, 2002; Korb et al., 2004), Bouvet (Croot et al., 2004) and 

Kerguelen (Blain et al., 2001, 2002, 2007; Bucciarelli et al., 2001). Iron controls phytoplankton 

growth and communities, and further influences prokaryotic community composition (West et 

al., 2008; Landa et al., 2016; this thesis). 

 

      The source and the drivers of Fe distribution are aeolian dust, fluvial input, biological 

uptake, mixing with deeper waters and various processes occurring on the sea floor such as 

sediment resuspension and hydrothermal vents (Sander and Koschinsky, 2001; Ussher et al., 

2004), of which the major source of Fe for the oceans is aeolian dust (Duce and Tindale., 1991). 

However, such atmospheric input has less influence on the Southern Ocean (Jickell et al., 2005). 

Horizontal advection or vertical mixing of deep iron-rich water are larger inputs than from the 

atmosphere (Blain et al., 2001; Planquette et al., 2007).  
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3 Dissolved organic matter and the Southern Ocean 

 

In the ocean, marine organic matter represents one of the largest bioreactive carbon reservoirs 

in the Earth biosphere (Hedges, 1992). The cycling of oceanic organic matter links the carbon 

exchanges between the atmosphere and the seafloor, in which dissolved organic matter (DOM) 

has great importance. 

 

 

3.1 Bulk classification and molecular composition of marine DOM 

 

Organic matter is present in a continuum of sizes, including a variety of living and non-living 

particles, gel-like structures and dissolved compounds. Generally, organic matter is composed 

of particulate organic matter (POM) and DOM. POM is a natural organic constituent of water 

in both living and non-living forms, that is retained on the filter of usually 0.2-0.7 µm pore size 

(Dittmar and Stubbins, 2014). DOM, the collection of compounds that contain reduced carbon, 

often bound to heteroatoms such as oxygen, nitrogen, phosphorus, and sulfur (Kujawinski, 

2011), operationally defined as the fraction < 0.2 µm, comprises the majority (> 95%) of the 

total organic matter (Williams, 1975). Marine DOM can be characterized by size, molecules of 

low molecular weight (LMW, < 1000 Da) or high molecular weight (HMW, > 1000 Da), or by 

reactivity (labile or refractory) (Christian and Anderson, 2002). It has been shown that LMW 

material comprises 65-80% of DOM (Carlson et al., 1985; Benner et al., 1992; Ogawa and 

Ogura, 1992). The carbon content of DOM amounts (DOC), on a global scale, to about 662 Gt 

C (Hansell et al., 2009), and it is thus similar to the amount of atmospheric CO2 (750 Gt C) 

(Hansell et al., 2013). DOC has been classified into two major fractions with well-defined 

removal rates: labile DOC (LDOC; high removal rates; high turnover; no accumulation), 

represents a large flux of carbon in the ocean, but it constitutes a very small fraction (< 1%) of 

the ocean DOC inventory, recalcitrant DOC (RDOC; a reservoir of organic carbon) contributing 

94%, and the remaining 5% is classified as semi-labile DOC (Hansell et al., 2009; Hansell et 

al., 2013). The major source of DOC in the open ocean is primary production.  

 

     The molecular composition of DOM in the ocean is large unknown due to the limited 

suitable chromatographic techniques for the characterization of DOM. The most common 

classes of biochemicals identified contribute a trace amount (~10%) of total DOM (Table 1; 

Hansell and Carlson, 2002). Recent advanced techniques have improved our knowledge of 
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molecular composition of DOM. For example, Fourier-transform ion cyclotron resonance mass 

spectrometry (FT-ICR MS), provides a massive amount of molecular formulas based on exact 

masses of DOM compounds (Kujawinski et al., 2002). Up to date, it is the only technique 

capable to resolve information on intact individual molecules of DOM (reviewed in Dittmar 

and Stubbins, 2014). Nuclear magnetic resonance (NMR) spectroscopy provides structural 

information of DOM (Mopper et al., 2007). It indicates a major contribution (~40% of DOC) 

of carbohydrates and amides in ultrafiltered DOM (reviewed in Dittmar and Stubbins, 2014). 

Table 1 Molecular composition of dissolved organic matter (DOM) in the surface and the deep 

ocean (Hansell and Carlson, 2002). 

 Surface ocean Deep ocean 

Total hydrolyzable neutral sugars (% DOC) 2-6 0.5-2.0 

Total hydrolyzable amino acids (% DOC) 1-3 0.8-1.8 

Total hydrolyzable amino sugars (% DOC) 0.4-0.6 0.04-0.07 

Solvent extractable lipids (% DOC) 0.3-0.9 nd 

Total (% DOC) 3.7-10.5 1.3-3.9 

Total hydrolyzable amino acids (% DON) 6-12 4-9 

Total hydrolyzable amino sugars (% DON) 0.8-1.7 0.2-0.4 

Total (% DON) 6.8-13.7 4.2-9.4 

Note: Total hydolyzable yield of a specific class of biochemicals represent a sum of monomic 
units that are separated by chromatography. 
Nd, not determined.  
 

3.2 Marine DOM in carbon cycle 
 

Marine DOM participates mainly two processes during carbon cycling in the ocean (Fig. 3). At 

the surface layer of the oceans, DOM affects the penetration of light and exchange of gases, 

and participates in the carbon sinking flux as substrates of heterotrophic activity. 70% of total 

DOM are recycled by diverse heterotrophic prokaryotes in the microbial loop (ML; Azam et 

al., 1983), including nearly half of net primary production (Arnosti et al., 2011; Buchan et al., 

2014). The fixed carbon derived by phytoplankton is for microbial respiration, transferred back 

into food web by zooplankton grazers, remineralized to inorganic carbon, and accumulated and 

transformed into RDOC as one path of carbon storage in microbial carbon pump (MCP; Jiao et 

al., 2010). The ML emphasizes the interactions between microbes and their physical and 
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chemical surroundings (Azam et al., 1983; Azam, 1998), focusing on carbon cycling in the 

water column where prokaryotes, protozoa and viruses determine the fate of DOM, which 

points out that organic matter flux into prokaryotes is a major pathway of carbon flux. The MCP 

complements the biological carbon pump (BCP), which focuses on the capacity of the ocean to 

store atmospheric carbon dioxide (CO2) during the long-term carbon storage (Jiao et al., 2010) 

(Fig. 3).  

 

Fig. 3 Schematic depiction of the biological carbon pump (BCP), the microbial loop (ML) and 

the microbial carbon pump (MCP). The remineralization length scale in the left part of the 

figure shows the return of respired CO2 back to the surface, from three depth zones (Zhang et 

al., 2018). 

 

     Over the past 100 years atmospheric CO2 has increased due to anthropogenic activity. Such 

a change could profoundly affect the global carbon cycle. While a net oxidation of only 1% of 

the seawater organic matter pool in one year would produce a CO2 flux larger than that coming 

annually from fossil fuel combustion (Hedges, 1997). That means although DOM is the largest 

ocean reservoir of reduced carbon, the oxidation of DOM (microbial respiration) should not be 

overlooked.  A large part of overall microbial respiration in the ocean (50-90%) is attributable 
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to heterotrophic prokaryotes (Robinson and Williams, 2005; Lefèvre et al., 2008; Obernosterer 

et al., 2008, 2010). Bacterial growth efficiencies (BGE, i.e. the fraction of organic carbon 

processed by heterotrophs that is incorporated into biomass), span over a large range (5-60%), 

but most BGEs reported for the marine environment are below 30% (Del Giorgio and Cole, 

2000). The rates and efficiencies of organic matter transformation processes are key to 

understand to what extent heterotrophic microbes act as a source of CO2 in the ocean.  

 

 

3.3 DOM release by phytoplankton and prokaryotes 

 

All marine organisms excrete DOM during growth and decay (Nagata, 2008). Most of the DOM 

is generally known as the product of decayed phytoplankton and consists of proteins (25-50%), 

lipids (5-25%) and carbohydrates (~ 40%) (Emerson and Hedges, 2008). DOM release by 

phytoplankton cells is a ubiquitous process via passive leakage and active exudation based on 

different mechanisms (Thornton, 2014). For example, passive diffusion, cell lysis by viral 

infections or senescence are passive loss; Resource acquisition, defence mechanisms and 

infochemicals are active exudation (Myklestad, 2000; Thornton, 2014). In the oligotrophic 

ocean, cell lysis is a significant form of DOM release, which accounts for about 80% of total 

primary production (Agusti and Duarte, 2013). Autotrophic prokaryotes can produce large 

quantities of DOM, for example polysaccharides (reviewed in Kujawinski, 2011). 

Heterotrophic prokaryotes can also be sources of DOM. They can directly release DOM in the 

form of hydrolytic enzymes (Hansell and Carlson, 2002). The DOM molecules of prokaryotic 

origin are more resistant for other prokaryotes use than those of phytoplankton origin. During 

the remineralization of phytoplankton-derived DOM, prokaryotes appear to transform LMW to 

HMW DOM (Ogawa et al., 2001). 
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3.4 Southern Ocean -- the lowest DOC concentration region 

 

 
 

Fig. 4 Observations of DOC in the central Atlantic, central Pacific, and eastern Indian Ocean, 

with all lines connected via the Antarctic circumpolar currents (Hansell, 2013). 

 

The Southern Ocean is a net sink for CO2 and one of the main gateways for anthropogenic CO2 

into the ocean interior (Khatiwala et al., 2009). A particular characteristic of the Southern Ocean 

is that the concentrations of DOC in surface waters are the lowest in the global ocean (~40–50 

µmol C L−1) (Ogawa et al., 1999; Hansell, 2002; Hansell, 2013). This is due to the permanent 

upwelling of refractory organic matter from the deep ocean, and the low primary production 

limited by the micronutrient iron. The highest concentration of DOC in surface water of the 

Southern Ocean is 67 µM observed in Antarctic Circumpolar Current (ACC) zone (45°S-55°S), 

while it is lower in the Weddell Sea surface water (46.3 ± 3.3 µM; Lechtenfeld et al., 2014), 

which is much less than the global DOC concentrations in surface water (~70 µM) (Hansell et 

al., 2009). DOC concentrations of deep water from ACC, the Ross Sea and Weddell Sea water 

are similar (41.5-41.9 µM) (Hansell and Carlson, 1998). 
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4 Microbial activity in association with phytoplankton in the Southern Ocean 

 

The Southern Ocean represents a particular habitat for planktonic, autotrophic and 

heterotrophic microbes, with the special characteristics of the limited Fe supply. Prokaryotic 

heterotrophic activity responds strongly to phytoplankton growth. On the one hand, prokaryotic 

production increases significantly under Fe stimulation either by direct alleviation (Arrieta et 

al., 2004) or indirectly by enhanced phytoplankton growth and the subsequent increased supply 

of DOM (Olivier et al., 2004; Obernosterer et al., 2008). On the other hand, phytoplankton 

growth can be dependent on interactions with heterotrophic prokaryotes. For example, 

cobalamin produced only by bacteria and archaea limits phytoplankton activity together with 

Fe (Bertrand et al., 2015). Considering the critical Southern Ocean climate system and the 

importance of phytoplankton and heterotrophic communities in biogeochemical cycles 

(Falkowski et al., 2008), it is crucial to uncover the associations among them and decipher their 

potential roles in oceanic environment.  

 

 

4.1 Microbial diversity of the Southern Ocean 

 

Microbial diversity has been reported in nearly all regions of the Southern Ocean (Fig. 5) (Table 

2 listed in Appendix 1) using various molecular approaches, from Fluorescence In 

Situ Hybridization (FISH), denaturing gradient gel electrophoresis (DGGE) to 454 

pyrosequencing, Illumina sequencing and metagenomics. Shifts of microbial community 

composition generally occur depending on spatial and temporal changes, environmental 

selection, top-down or bottom-up controls, and the presence or absence of phytoplankton 

blooms. Certain trends in microbial composition are also apparent, in particular across a few 

transects (e.g., Straza et al., 2010; Wilkins et al., 2013). Alphaproteobacteria, 

Gammaproteobacteria and Bacteroidetes are the most abundant groups in the Southern Ocean 

with various frequencies in different regions (Simon et al., 1999; Gentile et al., 2006; West et 

al., 2008; Straza et al., 2010; Piquet et al., 2011; Ghiglione and Murray, 2012; Wilkins et al., 

2013; Williams et al., 2013; Luria et al., 2014). Some specific groups, for example, SAR11 and 

Roseobacter-clade-affiliated (RCA) cluster, have been intensively studied. These groups have 

global distribution or high abundance in specific regions. To some extent, some of them are 

labelled as the settled assemblages according to their environmental or functional adaption. 

Based on the technological advances, metatranscriptomics and metaproteomics have been 
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applied to establish the link between the function and taxonomy on a large scale (Williams et 

al., 2013; Williams et al., 2012).  

 

 
 

Fig. 5 Antarctica and the Southern Ocean. Polar Front (circumpolar full line); Maximum sea 

ice extent (circumpolar dotted line). Major regions of the Southern Ocean, including 

Agulhas/Benguela Boundary, Antarctic Peninsula, Australian Sector, Kerguelen Plateau, 

McMurdo Sound, Victoria Land, Transantarctic Mountains, Mertz Glacier Region, Pacific 

Sector, Ross Sea, Scotia Sea and Weddell Sea (Wilkins et al., 2013). 

 

Alphaproteobacteria-SAR11 

 

The SAR11 clade is the most abundant marine assemblage, contributing up to 25% of the total 

cell numbers in the global surface waters (Giovannoni, 2017). Since it was discovered in 1990 

(Giovannoni et al., 1990) and cultured in 2002 (Rappé et al., 2002), this group of 

Alphapreteobacteria has been extensively studied. The biovolume of SAR11 cells has been 

estimated to be about 0.01 µm3, placing them among the smallest free-living cells (Rappé et al., 

2002). Such small cell size suggests that the contribution of this group to marine biomass is less 

than their absolute numbers with overall 12% of the total prokaryotic biomass and 24-55% of 

total prokaryotic cells (Morris et al., 2002; Tada et al., 2013 in coldest regions), although the 

average biomass contribution of SAR11 is more than 20% in the Atlantic Ocean (Gasol and 
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Kirchman, 2018). Another characteristic of the SAR11 clade is the streamlined genome which 

is one of the smallest (1.3 Mb) for any free-living organism and comparable with the genome 

size of symbionts or parasites (Giovannoni et al., 2005). The high surface area-to-volume ratio, 

small genome, dominant nutrient-uptake transporter gene, and complete biosynthetic pathways 

for amino acids reflect their preference of an oligotrophic strategy (Morris et al., 2002; 

Giovannoni et al., 2005; Sowell et al., 2009; Lauro et al., 2009). 

 

      Members of SAR11 showed high heterogeneity in distinct water columns from tropical to 

polar regions driven by latitude and temperature (Field et al., 1997; Carlson et al., 2009; Brown 

et al., 2012), while within the major surface-associated subgroups, SAR11 showed relative 

homogeneous diversity (García-Martínez and Rodríguez-Valera, 2000). SAR11 was consistent 

and abundant across surface samples in the Southern Ocean (Wilkins et al., 2013a; Luria et al., 

2014) and especially in the temperate SAZ where the biomass was strongly correlated with 

temperature (Tada et al., 2013). A metagenomics survey investigated the biogeographic pattern 

of microbes in both sides of the PF, which has been suggested as a major biogeographical 

boundary in the distribution and abundance of microbial organisms (Selje et al., 2004; Abell 

and Bowman, 2005; Giebel et al. 2009; Weber and Deutsch, 2010). SAR11 was on average 

more abundant north of the PF and the highest contributor to the biogeographic partitioning of 

microbes in the Southern Ocean (Wilkins et al, 2013a; Wilkins et al., 2013). SAR11 also 

showed spatial separation with higher abundances in the western than in the eastern regions of 

the Scotia Sea (Topping et al., 2006), which suggests that SAR11 tends to be more abundant in 

less productive areas. Above the Kerguelen plateau, SAR11 was dominant in the HNLC region 

and less abundant during the decline of the phytoplankton bloom (West et al., 2008). In parallel, 

SAR11 showed low contributions to the bulk prokaryotic abundance and leucine incorporation 

during this late bloom stage. By contrast SAR11 was dominant at the onset and after the decline 

of the bloom at the same iron-fertilization region (Obernosterer et al., 2011; Dinasquet et al., 

2019). A study conducted in the West Antarctic Peninsula (WAP) reported that SAR11 had 

high contribution in taking up LMW substrates and this group was less abundant in high 

chlorophyll a regions (Straza et al., 2010; Williams et al., 2012). The same results were also 

found in the Australian sector based on metagenomics and metaproteomics (Williams et al., 

2013a). A negative correlation between SAR11 and phytoplankton blooms was previously 

observed in a seasonal study in the coastal Antarctic Peninsula and in Kerguelen Island waters 

(Ghiglione and Murray, 2012). This is consistent with an experimental study that showed 

SAR11 was rapidly outcompeted by other taxa in the presence of diatom-derived DOM (Landa 
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et al., 2018). SAR11 has been consistently detected at high abundances from both spatial and 

temporal studies in the surface of the Southern Ocean. The highly homogeneous distribution 

might be because the taxa have similar ecological features (ecotypes) (García-Martínez and 

Rodríguez-Valera, 2000). However, sub-groups of SAR11 showed different dynamics over a 

5-month time series study at a sub-tropical coastal station (Needham et al., 2017). 

 

Alphaproteobacteria-Roseobacter clade 

 

The Roseobacter clade, one of the most important groups in surface water samples (Buchan et 

al., 2005; Luria et al., 2014), showed the highest abundance in the Southern Ocean from a global 

study (Selje et al., 2004), particularly in the coldest regions (based on 16S rRNA data; Giebel 

et al., 2009). This clade was more active than SAR11 in the PF and SAZ, although it was 

numerically less abundant (Tada et al., 2013). This low abundance and high productivity trend 

is consistent with a previous study that showed Roseobacter was under-represented in 

abundance relative to the uptake of LMW substrates in situ (Alonso-Sáez and Gasol, 2007). 

The first genome of Roseobacter is from the species Silicibacter pomeroyi with a much larger 

genome (4.5 Mb) compared with SAR11 (1.3 Mb) (Moran et al., 2004; Giovannoni et al., 2005). 

S. pomeroyi has the highest proportion of genes related to their ability to rapidly respond to 

surrounding conditions among Alphaproteobacteria, which suggests the Roseobacter group has 

a distinct non-oligotrophic trophic strategy (Moran et al., 2004). Members of the Roseobacter 

clade are metabolically versatile, targeting a wider range of substrates than SAR11, with the 

capability of aerobic anoxygenic phototrophy and degradation of dimethylsulfoniopropionate 

(DMSP) (Moran et al., 2003; Wagner-Döbler and Biebl, 2006; Moran et al., 2007; Brinkhoff et 

al., 2008). They were often found in close association with phytoplankton blooms and cultures 

with free-living, particle-attached or in commensal relationships (reviewed in Buchan et al., 

2005; Pinhassi et al., 2004).  

 

      Roseobacter contributes to 10-30% of the total prokaryotes in the surface waters of the 

Southern Ocean (reviewed in Wilkins et al., 2013c). They were highly abundant in 

phytoplankton blooms on the Kerguelen plateau (West et al., 2008; Obernosterer et al., 2011) 

and in the Scotia Sea (Topping et al., 2006; Jamieson et al., 2012). While it had less contribution 

to the total prokaryotes in the Weddell Sea (< 20%; Selje et al., 2004). These results refer to 

their ability in degradation of phytoplankton-derived DOM. The gene-related functions showed 

a spatial pattern as well (Wilkins et al., 2013a). Roseobacter and other copiotrophs have a higher 
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number of transporters than oligotrophic genomes south of the PF in the Australian sector where 

diatoms were detected as the dominant phytoplankton group (Trull et al., 2011), which is 

consistent with the higher nutrient availability (Lauro et al., 2009; Wilkins et al., 2013a). 

Interestingly, Roseobacter had positive correlations with particulate organic carbon (POC) and 

particulate organic nitrogen (PON) along transects in the Southern Ocean (Tada et al., 2013). 

Additionally, the Roseobacter-clade-affiliated (RCA) cluster belonging to the Roseobacter 

clade showed seasonal patterns with low abundance in winter and increased in summer and 

autumn in the coastal waters of Antarctic Peninsula and around the Kerguelen plateau (Giebel 

et al., 2009; Ghiglione and Murray, 2012). A metagenomics study in the waters off Antarctica 

also found that the RCA cluster was more abundant in summer than in winter, in which 

Sulfitobacter showed the highest abundance (Grzymski et al., 2012). The RCA cluster has 

similar uptake systems as SAR11 for labile nutrients, such as ATP-binding cassette (ABC) 

transporters and tripartite ATP-independent periplasmic (TRAP) transporters (Williams et al., 

2012). This supports the findings around the Kerguelen plateau that RCA was not only 

dominant inside the bloom but also abundant and active outside the bloom (West et al., 2008). 

Recently, culture-based work found that Roseobacter was present across a range of diatom 

strains isolated and cultivation time suggested their versatile ability for the diverse diatom-

DOM (Behringer et al., 2018). 

 

Alphaproteobacteria-Roseobacter clade – Sulfitobacter 

 

Sulfitobacter is a group of bacteria belonging to Roseobacter known for their capacity to use 

organic sulfur compounds, such as DMSP (Moran et al., 2007; Ankrah et al., 2014), usually 

released during the decay of phytoplankton blooms. Members of this group also have the ability 

to utilize various labile carbon sources, such as carbohydrates and amino acids, evidenced using 

an extinction-dilution culture method from a polynya, in the Amundsen Sea (Choi et al., 2016). 

This is consistent with a metaproteomic study revealing that Sulfitobacter has various ABC 

transporters that enable the uptake of labile substrates (Williams et al., 2013). The flexibility of 

substrate assimilation makes Sulfitobacter abundant in coastal Antarctic waters (Zeng et al., 

2014). Lastly, it showed high relative abundance if grown on diatom-DOM in a continuous 

culture and dominated in the surface waters with artificial iron addition by a short-term iron 

fertilization experiment (Singh et al., 2015; Landa et al., 2018). Additionally, Sulfitobacter 

showed clearly seasonal variation around the Kerguelen Island with high abundance in spring 

and summer and low abundance in autumn and winter (Ghiglione and Murray, 2012).  
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Alphaproteobacteria-SAR116 

 

SAR116 is a group of ubiquitous marine bacteria and is considered a metabolic generalist in 

ocean nutrient cycling (Giovannoni and Rappé, 2000; Oh et al., 2010). SAR116 has higher 

abundance north of the PF and this group is a moderate contributor to the biogeographic 

partitioning of microbes in the Southern Ocean (Wilkins et al., 2013a). The first genome of 

SAR116, “Candidatus Puniceispirillum marinum IMCC1322”, reported that it carries 

functional genes for utilizing light, DMSP, CO, and C1 compounds in the surface ocean (Oh et 

al., 2010). SAR116 targets similar substrates as SAR11 using ABC and TRAP transporters 

(amino acids, taurine, dicarboxylates) (Williams et al., 2013) and has similar biogeographic 

distributions as SAR11 (Wilkins et al., 2013a). These results suggest that SAR116 and SAR11 

could occupy similar ecological niches (Oh et al., 2010; Williams et al., 2012). An annual study 

has supported this idea by examining the co-occurrence and activity of these two groups in the 

coastal NW Mediterranean Sea (Lami et al., 2009). Using FISH, Topping et al. (2006) found 

SAR116 was relatively more abundant than SAR11 in more productive waters in the Scotia Sea 

along a shorter latitude range (52˚S-64˚S). By contrast, SAR116 was exclusively detected at a 

HNLC site using DNA clone libraries (West et al., 2008) and showed a slightly decrease with 

an artificial iron fertilization (Singh et al., 2015). These results are consistent with the 

characteristics of its genome with versatile repertoire of genes (Oh et al., 2010). Lately, 

SAR116 showed its planktonic preference, which was only detected up to a depth of 40m 

(Singh et al., 2015). 

 

Bacteroidetes- Flavobacteriaceae 

 

Members of Bacteroidetes are one of the most abundant groups in the ocean, representing 10-

30% of the total bacterial cells in coastal waters (Kirchman et al., 2002; Alonso-Sáez and Gasol, 

2007). Flavobacteriaceae Family is one of the most common groups in marine and polar 

ecosystems (Kirchman 2002; Kirchman et al., 2003; Abell and Bowman, 2005b; Murray and 

Grzymski, 2007) and it is associated to increased production at low temperatures (Tada et al., 

2013). Flavobacteriaceae is a major clade of Bacteroidetes and plays an important role in 

degrading HMW DOM. Members of this group are particularly prevalent in particle-attached 

communities and abundant with phytoplankton-derived DOM supply (Delong et al., 1993; 

Abell and Bowman, 2005a; West et al., 2008; Teeling et al., 2012). This suggests that members 

of Flavabacteriaceae may act as the primary degraders of primary production products. This 
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assumption of Flavobacteriaceae as degraders of polymers has been recently confirmed by 

genomic analysis with a suite of genes related to peptidases, glycoside hydrolases, glycosyl 

transferases, adhesion proteins and gliding motility (Fernández-Gómez et al., 2013).  

 

     In the Southern Ocean, Flavobacteriaceae contributed the most to the total abundance of 

Bacteroidetes in the Australian waters (Williams et al., 2013), where this group was strongly 

positively correlated with chlorophyll a across a wide range of concentrations (0.14-12.1 µg L-

1). West et al. (2008) found that Flavobacteriaceae related to the AGG58 group was more 

abundant in a natural iron fertilized bloom station above the Kerguelen plateau as compared to 

the HNLC region. The biogeographic pattern of Flavobacteriaceae has been previously reported 

across a latitudinal transect (from 44.7°S to 63.5°S) in the Southern Ocean (Abell and Bowman, 

2005b). The abundance of Flavobacteriaceae was significantly higher south of the PF than north 

of it, using real-time PCR, DGGE analysis and metagenomes (Abell ad Bowman, 2005b; 

Wilkins et al., 2013a). This may be because of the higher rates of primary productivity in the 

south and the role of the Flavobacteriaceae as primary degraders of HMW DOM. 

 

Bacteroidetes- Flavobacteriaceae- Polaribacter 

 

The Polaribacter species were initially isolated from polar sea ice (Gosink et al., 1998). To date, 

20 described species with validly published names have been identified in various habitats 

(LPSN http://www.bacterio.net/polaribacter.html). Polaribacter is one of the major genera of 

Bacteroidetes found in the marine environment. Genome analysis of Polaribacter indicates its 

ability to associate with particles, degrade biopolymers, and sense and respond to light with 

proterorhodopsin gene (Gonzálea et al., 2008).  
 

     In the Southern Ocean, members of Polaribacter were prevalent in coastal Antarctic marine 

bacterial communities (Ghiglione and Murray, 2012; Zeng et al., 2014). Polaribacter exhibits a 

clear biogeographic pattern. It was dominant in the colder water of the PFZ and AAZ compared 

with that in the SAZ (Abell and Bowman, 2005b), which is consistent with its psychrophilic 

characteristics. Polaribacter irgensii-related sequences were detected with high number in the 

Antarctic Peninsula (Murray and Grzymki, 2007), which were phylogenetically closest to 

prokaryotes from polar environments (Gosink et al., 1998; Brinkmeyer et al., 2003). A 

mesocosm study found diatom (Nitzschia closterium) derived DOM reduced the complexity of 

a flavobacterial community to few species in which Polaribacter was completely dominant, 



Introduction 

18	

which suggests diatom-derived DOM has strong relationship with Polaribacter (Abell and 

Bowman, 2005a). A metagenomic study found that Polaribacter was positively correlated with 

chlorophyll a (Williams et al., 2013). Straza et al. (2010) previously found Polaribacter was 

highly active in the consumption of proteins over amino acids in the WAP, based on single-cell 

activity, which meets the general characteristics of Bacteroidetes as polymer degraders 

including proteins and polysaccharides (Fernández-Gómez et al., 2013). Above the Kerguelen 

plateau, a peak in Polaribacter abundances was detected during a spring bloom decay stage 

(Landa et al., 2016), consistent with their dominance in a metaproteome study conducted from 

the decay phase of an algal bloom in the North Sea (Teeling et al., 2012). In summer of the 

same region by an environmental study, Polaribacter was dominant in HNLC region off the 

Kerguelen plateau (West et al., 2008), while in the WAP it was dominant during phytoplankton 

blooms by both metagenomic and metaproteomic data (Grzymski et al., 2012; Williams et al., 

2012). By contrast, in winter of the Kerguelen Island, Landa et al. (2018) observed low 

abundance of Polaribacter in diatom-DOM cultures compared with controls without DOM 

supply. These results from different seasons and study regions suggest that seasonal variation 

of Polaribacter may follow seasonal cycles with the impact of phytoplankton-derived DOM, 

which differs in distinct regions of the Southern Ocean. Polaribacter was also dominant in the 

surface water in a polynya in the Amundsen Sea, where microbes were more active than their 

counterparts in open waters (Hollibaugh et al., 2007; Kim et al., 2014). This psychrophilic 

prokaryote was associated with high phytoplankton production (Kim et al., 2014) in this 

biologically productive regions. Similar to SAR116, Polaribacter showed a decrease in 

abundance following a short-term iron fertilization (Singh et al., 2015). 

 

Bacteroidetes- Cryomorphaceae/AGG58 

 

Members of the Family Cryomorphaceae are of the classical “Cytophaga-like” bacterial type 

(Bowman, 2014). In 16S rRNA gene clone data, this clade was originally designated as 

“AGG58 cluster” (Delong et al., 1993) which represents a range of undescribed genus- and 

family-level entities (O’Sullivan et al., 2004; Abell and Bowman, 2005b; West et al., 2008). 

For clarity, Cryomorphaceae will be used in this thesis to represent this group of bacteria. 

 

      Cryomorphaceae was only detected in the PFZ and AAZ using DGGE rather in the SAZ 

(Abell and Bowman, 2005b) and outcompeted by Polaribacter with diatom (Nitzschia 

closterium) detritus addition (Abell and Bowman, 2005a). Cryomorphaceae was the most or 
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the second most dominant group in the Order of Flavobacteriales in coastal waters of Antarctica 

(Murray and Grzymski, 2007; Zeng et al., 2014). During the declining phase of the 

phytoplankton bloom above the Kerguelen plateau Cryomorphaceae were dominant in the total 

bacterial abundance (~9%) with high production (~8%) using FISH (Obernosterer et al., 2011) 

and 16S rDNA clone libraries (West et al., 2008). Cryomorphaceae showed a slight increase 

from winter to summer by a seasonal study in both coastal waters of Kerguelen Island and 

Antarctic Peninsula (Ghiglione and Murray, 2012). The Bacteroidetes groups Cryomorphaceae 

and Polaribacter displayed similar seasonal patterns around the Kerguelen plateau 

(Obernosterer et al., 2011). Recently, however, Cryomorphaceae showed several functional 

features that differentiated it from other Bacteroidetes such as Polaribacter based on a genome 

study in the Amundsen Sea (Delmont et al., 2015). The Cryomorphaceae genome was enriched 

in genes with functions specifically related to outer membrane proteins and lipids which can 

facilitate inter cell interactions (Movva et al., 1980; Delmont et al., 2015).  

 

Gammaproteobacteria-SAR86 

 

The term SAR86 originated from 16S rRNA clone libraries belonging to Gammaproteobacteria 

from surface microbial communities (Britschgi and Giovannoni, 1991).  It has been detected in 

the surface waters of the Southern Ocean (Abell and Bowman, 2005b; Topping et al., 2006; 

West et al., 2008; Obernosterer et al., 2011). It showed relatively higher contribution to the total 

bacteria in low primary production areas as compared to high primary production areas 

(Topping et al., 2006; Obernosterer et al., 2011). The genome analysis indicated that like 

SAR11, SAR86 exhibited metabolic streamlining, but was capable to degrade lipids and 

carbohydrates using TonB-dependent outer membrane receptors, but lacked pathways for 

amino-acid uptake (Dupont et al., 2012). Additionally, SAR86 coincided with SAR11 in an 

HNLC region using either FISH or 16S rRNA clone libraries (West et al., 2008; Obernosterer 

et al., 2011). The similar ecological preference and distinct carbon compound specialization 

suggests SAR86 and SAR11 may share the same ecological niches with minimum competition 

(Obernosterer et al., 2011; Dupont et al., 2012). 

 

Gammaproteobacteria- Alteromonadales- Colwellia 

 

Marine members of Alteromonadales include heterotrophs with broad substrate preferences and 

cold-adapted genera such as Colwellia recorded in the Southern Ocean seawater and sea-ice off 
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Antarctica (Bowman et al., 1997; Piquet et al., 2011). Members of the Colwellia group are 

psychrophilic and are commonly found in polar ecosystems with the adaptation to cold 

environments by producing a source of cold-active extracellular enzymes at low temperatures 

(Methé et al., 2005; Kim et al., 2018).  

 

      High Colwellia abundances were observed with diatom-DOM addition in mesocosms 

performed in the WAP and around the Kerguelen Island during winter and early spring (Luria 

et al., 2017; Landa et al., 2018). This is consistent with a metagenome study showing that 

Colwellia can degrade small aromatic compounds, which provides an ecological advantage to 

this group (Hu et al., 2017). While in summer of two consecutive years in the WAP, Colwellia 

dominated in the low productive summer and it was replaced by more diverse groups in the 

summer with high productivity (Fuentes et al., 2019). A similar study conducted in the Arctic 

summer also found a Colwellia related operational taxonomy unit (OTU) was either positively 

or negatively impacted by diatom DOM addition (Dadaglio et al., 2018). These results suggest 

that Colwellia are metabolic versatile and tend to outcompete other bacterial groups at low 

temperature. 

 

 

4.2 Ecological adaptation of microbes in the Southern Ocean 

 

In the cold waters of the Southern Ocean, it is crucial for microbes to adapt to the cold 

environment. The cold adaptation has been indicated by few studies (Dunker et al., 2002; 

Grzymski et al., 2006). Polaribacter is a proteorhodopsin-containing bacterial group and can 

form gas vesicles which help the cold adaptation (Staley and Gosink, 1999). The mechanisms 

that lead to the adaptation of SAR11 in cold waters are not well understood, but are probably a 

consequence of gene related functions. SAR11 is also proteorhodopsin-containing which might 

be a partial reason for its characteristics of widespread occurrence (Giovannoni et al., 2005; 

Gasol and Kirchman, 2018). Williams et al. (2012) detected in their metaproteomic data 

proteorhodopsin even at low light intensity during Antarctic winter waters. Additionally, the 

highly present genes related to energy production and conversion in polar genomes of SAR11 

induces their adaptability to cold environments in which some subgroups showed preference in 

polar waters (Brown et al., 2012).  
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      In terms of the nutrient and organic carbon acquisition, generally, in the surface waters of 

the Southern Ocean, Bacteroidetes groups, particularly Flavobacteriaceae thrive with 

increasing concentrations of Chlorophyll a (Williams et al., 2013a) and breaks down complex 

organic matter of phytoplankton cells and phytoplankton-derived detrital particles using 

extracellular enzymes (Teeling et al., 2012). Subsequently, Alphaproteobacteria and 

Gammaproteobacteria start being dominant and harbour the genetic potential to utilize labile 

(small) organic substrates (Wilkins et al., 2013a; Williams et al., 2013). For example, 

Flavobacteriaceae perform a potentially important function in nitrogen cycling in the Southern 

Ocean by generating ammonia from organic nitrogen (Williams et al., 2013). This by-product 

could be scavenged by other marine microorganisms, especially if we consider that certain 

marine Flavobacteriaceae have been shown to be unable to utilize ammonia as a nitrogen source 

(Suzuki et al., 2001). In the coastal waters of the WAP with substantial warming in recent 

decades, flavobacterial activity increased with several folds higher nitrate and ammonia uptake 

rates during high Chlorophyll a conditions at night time (Alcamán-Arias et al., 2018). 
Bacteroidetes and Gammaproteobacteria have dominant TonB-transporters (TBDT) proteins 

detected in their membrane off the Antarctic Peninsula in summer (Williams et al., 2012). 

Flavobacteriaceae contain TBDT and biopolymer-degrading enzymes which can help them to 

utilize storage polysaccharides from algae as substrates with their inferred lifestyle in cold 

marine waters (Williams et al., 2013; Xing et al., 2015). Gliding motility proteins were detected 

in Flavobacteriaceae, which allows the exploration of solid surfaces of phytoplankton or other 

particles (McBride, 2001). Polaribacter also contains TBDT, but cannot utilize some algal 

exudates such as taurine, polyamines and glycolate that Rhodobacterales has the ability to target 

(Buchan et al., 2005; González et al., 2008). ATP-binding transporters and ABC transporters 

were detected related to SAR11, specificity for amino acids, while Flavobacteriaceae was 

related to TBDT and low numbers of genes involved in the uptake of LMW compounds 

(Williams et al., 2013). Furthermore, Cryomorphaceae can potentially synthesize 

oligosaccharides which could protect them from host-derived antimicrobial compounds (Silipo 

and Molinaro, 2010; Delmont et al., 2015).  

 

 

4.3  Microbial associations in the Southern Ocean 

 

Phytoplankton and heterotrophic prokaryotes are major components of the global 

biogeochemical cycles and are known to interact in very complex ways (Azam and Malfatti, 
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2007; Amin et al., 2012). These components are closely interrelated continuously. The 

utilization of phytoplankton-derived DOM by heterotrophic prokaryotes is a major carbon-flow 

pathway, in turn, heterotrophic prokaryotes provide inorganic nutrients for phytoplankton. 

Therefore, the phytoplankton-prokaryotes interactions impact the overall patterns of carbon 

flux and nutrients cycling.  

 

The mechanisms behind the interactions investigated by culture work are manifold, for 

example, mutualism, antagonism and competition (reviewed in Amin et al., 2012; Cirri and 

Pohnert, 2019), which helps to understand how phytoplankton and prokaryotes affect their 

encounters and decipher their implication in oceanic nutrient fluxes (Fig. 6). For example, 

Sulfitobacter species promoted the cell division of Pseudo-nitzschia multiseries via signal 

molecules indole-3-acetic acid and tryptophan which are part of a complex exchange of 

nutrients, including diatom-excreted organosulfur molecules and bacterial-excreted ammonia 

(Amin et al., 2015). In return, Sulfitobacter heme transporter was downregulated during the co-

culture with Pseudo-nitzschia multiseries (Hogle et al., 2016). A few interactions have also 

been studied in the Southern Ocean. In coastal McMurdo Sound, bacteria and diatoms showed 

a mutualistic relationship. Fragilariopsis contributed the most to the total abundance of diatoms, 

relied on cobalamin produced solely by bacteria and archaea, while bacterial growth fueled on 

organic matter derived from diatoms (Bertrand et al., 2015). In the same study the competition 

between Methylophaga and diatoms for the acquisition of cobalamin was shown. Bacteria could 

also stimulate diatom growth and influence the primary production of the Southern Ocean. In 

Australian sector, Hassler et al. (2011) found that exopolysaccaride (EPS), produced by a 

bacterial isolate (Pseudoalteromonas sp.) can enhance the bioavailability and solubility of iron 

by binding together, and further impact iron uptake of diatoms (Chaetoceros sp. and Phaeocystis 

sp.). 

 

 

4.4 Complex microbial associations in the field 

 

The culture-based work aforementioned, however, focused on one phytoplankton-prokaryote 

interaction, or one specific phytoplankton and surrounding prokaryotic groups, at a time (e.g., 

Amin et al., 2015; Segev et al., 2016). In the ocean, microbes form complex ecological webs in 

which natural microbes are often taxonomically highly complex and can encompass hundreds 

of different species. It is impractical to examine the interaction of each pairwise phytoplankton 
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and prokaryote, since most of the species are not cultivated in the laboratory (~ 95% of species 

present in a given sample) (Staley and Konopka, 1985), which is probably because of the missed 

coexistence with partner species in pure cultures (Vartoukian et al., 2010; Stewart, 2012).  

 

 

 
 

Fig. 6 Tight associations between microalgae and bacteria (mostly Proteobacteria, as 

highlighted in Amin et al., 2012) have resulted in the evolution of a complex network of cross-

kingdom interactions and a fine specialisation of different organisms (Cirri and Pohnert, 2019). 

 

Along with the advanced techniques for rapidly generating large data sets, the complex 

microbial associations have been studied with increased interest (Chaffron et al., 2010; Lima-

Mendez et al., 2015; Needham and Fuhrman, 2016). For example, a global study of 

environmental microbes observed co-occurrence relations via the network approach (more 

details in the Methodology section), which makes the detection and the investigation of various 

types of interactions possible, although in a putative way (Chaffron et al., 2010). In their study, 

they confirmed previously known microbial associations and predicted the majority of 

associations that have not been recognized before. Therefore, through the co-occurrence 

relationships, one can interpret the possible ecological meaning behind and explore specific 

hypotheses related to observed associations in the laboratory (Orphan, 2009). In addition, the 
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discovery of in situ associations was also performed between prokaryotes and DOM, which 

deciphers the complex microbial and molecular information, and provides insight on opening 

the “black box” on both sides in various ecosystems (Osterholz et al., 2016). 

 

 

5 Objectives of the thesis and organization of the manuscript 

 

The findings summarised above shed light on the importance of microbes, DOM and 

interrelated relationships in biogeochemical cycles, although the diverse microbes and 

microbial associations on spatiotemporal scale are largely unexplored in the Southern Ocean. 

The objective of this thesis is to investigate the composition of microbial communities and the 

associations among them on spatial and temporal scales, and to uncover the connections 

between prokaryotes and DOM in distinct environmental areas in the Southern Ocean. 

 

All data related to this thesis was obtained via two cruises conducted in the Southern Ocean 

(Fig. 7). 

 

     The study of spatial microbial associations is presented in the first chapter of this manuscript. 

The aim is to investigate whether diatom community composition can explain biogeographic 

patterns of prokaryotes (SOCLIM project; Oct. 2016). This part of work was published in 

Environmental Microbiology. 

 

     The study of temporal microbial associations is presented in the second chapter of this 

manuscript. The aim is to discover seasonal successions of microbes and the putative microbial 

behaviour in two consecutive bloom events over a 4-month sampling period (SOCLIM project; 

Oct. 2016 - Feb. 2017).  
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Fig. 7 Map of sampling sites related to the thesis. Yellow and green dots represent samples 

collected via SOCLIM and HEOBI cruises respectively. The red dot denotes the seasonal site 

(A3) conducted during SOCLIM cruise. STZ, Subtropical Zone; SAZ, Subantarctic Zone; PFZ, 

Polar Front Zone; AAZ, Antarctic Zone. 

 

     The study of prokaryote-DOM associations is presented in the third chapter of this 

manuscript. The aim is to integrate the microbial and molecular information and decipher the 

associations between DOM and prokaryotes in two contrasting ecosystems around the 

Kerguelen plateau (HEOBI project; Jan. -Feb. 2016). 

 

     An additional study of prokaryotic diversity and activity in contrasting regimes is also 

included in this manuscript and is presented in Appendix 2. This study was conducted through 

the MOBYDICK project (https://mobydick.mio.osupytheas.fr) in late austral summer (Feb.- 

Mar. 2018). One aim of this project is to investigate the composition of prokaryotic 

communities at sites with different levels of productivity. This part of the work is related to a 

Master thesis project. I co-supervised the master student (Alejandra Elisa Hernández Magaña) 

with the lab work and the bioinformatics 
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1 Raw data processing 

 

Since the time of sample collection was separated, two independent series of Illumina MiSeq 

runs were performed for prokaryotic diversity samples of the three chapters. One for Chapter 1 

and 3 and one for Chapter 2. Two different pipelines were used for processing raw data, given 

the rapid updates of bioinformatic tools. Usearch pipeline (Edgar, 2013) was performed for the 

data set of Chapter 1 and DADA2 pipeline (Callahan et al., 2016) was performed for the data 

sets from Chapter 2 and 3. Usearch generates a traditional operational taxonomic unit (OTU) 

table, which combines grouped sequencing reads clustered with a customary dis/similarity 

value. DADA2 generates an amplicon sequence variant (ASV) table, which includes sequences 

with single-nucleotide difference over the sequenced gene region. The major steps of these two 

pipelines are described in Table 1. DADA2 uses an error model to estimate error rates from the 

data set after quality filtering (Step 3). This error model identifies the mismatches between 

sequences (e.g., A- >C), which is not included in Usearch pipeline. 

 

Table 1 Major steps in raw data processing  
 

 Usearch DADA2 
Step 1 Merge forward and reverse reads Inspect read quality profiles 
Step 2 Trim forward and reverse primers and 

quality filtering 
Trim forward and reverse primers and 
quality filtering 

Step 3 Dereplicate sequences Learn error rates 
Step 4 Cluster sequences into OTUs Dereplicate sequences 
Step 5 Denoise and remove chimeras Merge paired reads 
Step 6 Generate a count table Construct a sequence table 
Step 7 Assign taxonomy to OTUs Remove chimeras 
Step 8  Assign taxonomy to ASVs 

 

 

2 Diversity analysis 

 

Diversity is one of the most important concepts in ecology. From the aspect of ecological 

communities, diversity analysis has crucial importance in studies relative to species 

composition. Species diversity indices can be used to compare sampling sites from different 

ecosystems or successive observations from the same community. 
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2.1 Alpha-diversity 

 

Alpha-diversity represents the diversity within a given habitat or ecosystem (community). It is 

generally used to compute the diversity for each sampling site separately.  

 

Richness 

 

Richness refers to the number of different species/OTUs/ASVs present at one site. Sites with 

more species are considered richer. Observed richness simply counts the number of species 

observed once in a sample, which typically underestimate and strongly depend on sampling 

effort and sample completeness. Chao (1987) proposed Chao1 index which estimates the 

species richness including observed and undetected species by assuming that the number of 

observations for a species has a Poisson distribution. This index has been widely used for 

investigating alpha-diversity. 

 

Evenness 

 

Evenness (Hill, 1973) examines how homogeneous or even a community or ecosystem is in 

terms of the abundance of its species. A community in which all species are equally common 

is considered even and has a high degree of evenness. In this thesis, the evenness index was 

calculated using the formula: 

𝐸 =
𝐻
𝑙𝑜𝑔𝑆

 

 

where 𝐻 is the Shannon index (see below) and 𝑆 is the total number of species (i.e., richness). 

 

Shannon index 

 

The Shannon index (Margalef, 1958) is commonly used to characterize species diversity in a 

community. It incorporates both richness and evenness in its valuation. In this thesis, it is 

calculated by the formula below via phyloseq package (McMurdie and Holmes, 2013) in R: 

 

𝐻 = − 𝑝*ln𝑝*

-

*./
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where 𝑛 is the total number of species, 𝑝*  is the proportion of species 𝑖 relative to the total 

number of species. ln𝑝* is the natural logarithm of this proportion 𝑝*. 

 

 

2.2 Beta-diversity 

 

Beta-diversity is the diversity between samples or communities. For multivariate data sets that 

contain multiple sites, beta-diversity is commonly used for the comparison between each pair 

of sites. In this thesis, Bray-Curtis dissimilarity was used to evaluate beta-diversity.  

 

Bray-Curtis dissimilarity  

 

The Bray-Curtis dissimilarity (Bray and Curtis, 1957) is a common measure of compositional 

data in biodiversity based on counts at each site. This measure treats differences between high 

and low variable values equally. It is calculated by the formula below: 

 

𝐵𝐶4 =
|𝑦*,8 − 𝑦9,8|

-

8./

(𝑦*,8 + 𝑦9,8)
-

8./

 

 

where	𝑘 is the species.	𝑛 is the total number of species.  𝑖 and 𝑗 are two different samples. 𝑦*,8 

and 𝑦9,8 are the abundances of species 𝑘 in sample 𝑖 and 𝑗 respectively.  

 

 

3 Statistical analyses for microbial associations 

 

A crucial need performing microbial association analysis is to integrate two or more data sets 

that are measured on the same samples. The integrative biology approach allows us to 

incorporate multiple types of data, characterized by many variables with less samples or 

observations. In this thesis, we focused on the integration of two types of data matrices that are 

measured on the same samples. 
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     Correlation analysis starts from a transformed abundance matrix, e.g., prokaryotic taxa data 

across different samples, locations or time points. Pairwise scores between taxa are then 

compute using a suitable similarity or distance measure. Variable pairs with P values below the 

threshold are visualized as a heatmap or network. Several key steps relative to correlation 

analysis in this manuscript are listed below (Legendre and Legendre, 2012; Buttigieg and 

Ramette, 2014).  

 

 

3.1 Data transformation 

 

Logarithmic transformation  

 

Logarithmic transformation can reduce the range of a data set. The relative change of a variable, 

whose values are expressed as an exponent with respect to some base, is emphasised over its 

absolute change. Common bases are 2 (the binary logarithm), the natural logarithm, and 10. 

Logarithmic transformation can help linearize variables using appropriate bases. 

 

Species profile transformation 

 

This is a method of data standardisation that is often used prior to analysis. Data transformed 

in this way are called compositional data. This kind of data are commonly used to interpret 

ecological meaning behind, for example, the spatial distributions or temporal changes of 

microbial communities. Relative abundances can be transformed into percentages by 

multiplying 100. The formula is following: 

 

𝑦′*9	 =
𝑦*9	
𝑦*@	

 

 

where 𝑖 is the sampling site, 𝑗 is the species. 𝑦*9	is the abundance of species	𝑗 at sampling 

site	𝑖.  𝑦*@	is the total abundance of all species at sampling site 𝑖. 
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Hellinger transformation  

 

Hellinger transformation is particularly suited to species abundance data. It gives low weights 

to variables with low counts and many zeros. The resulting value of this transformation is 

identical to the squared relative abundance data (see the formula below). Hellinger 

transformation is closely related to several (dis)similarity and distance measures, which is often 

preferable to be applies prior to analyses such as principal component analysis (PCA) or 

redundant analysis (RDA) (Legendre and Legendre, 2012). 

 

𝑦′*9	 =
𝑦*9	
𝑦*@	

 

where 𝑖 is the sampling site, 𝑗 is the species. 𝑦*9	is the abundance of species	𝑗 at sampling 

site	𝑖.  𝑦*@	is the total abundance of all species at sampling site 𝑖. 

 

Z-scoring transformation 

 

This method of data standardisation aims to create unit-free transformed variables with means 

and standard deviations. The mean of each variable is subtracted from the original values and 

the difference divided by the variable's standard deviation (see formula below). This 

transformation is used for standardisation of environmental variables in this thesis. 

 

𝑍 =
𝑥* − 𝜇
𝑠

 

where 𝑥* is one original value of the variable 𝑥. 𝜇 is the mean of the variable 𝑥. s is the standard 

deviation of the variable 𝑥.  

 

 

3.2 (Dis)similarity/ distance and regression measures for correlation analysis 

 

3.2.1 (Dis)similarity/distance-based approach 
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Spearman’s rho 

 

Spearman’s rho (Kendall, 1943) uses ranks rather than the original variable values to measure 

correlation. Ranks of variables either go up or down across samples in a monotonic way, but 

not necessarily in a linear fashion. Spearman’s rho considers how strongly the rankings between 

two variables disagree. The larger the disagreement the lower the rho value. This measure is 

suitable for raw or standardized abundance data and any monotonically related variables. 

 

     In this thesis, Spearman correlation and extended local similarity analysis (eLSA) were used 

for the study relative to temporal microbial dynamics and associations (Chapter 2; see Fig. 3 

below). The eLSA pipeline integrates data normalization, statistical correlation calculation, 

statistical significance evaluation, and the network construction steps. It can integrate two data 

sets and detect similarity between shifted abundance profiles and is therefore frequently used 

to build association networks from time series data. To set threshold on similarity scores, most 

authors use a permutation test. The LSA score and Spearman’s rho were both constraints for 

selection of statistically significant correlations (Ruan et al., 2006; Xia et al., 2013).  

 

 

3.2.2 Regression-based approach 

 

Sparse partial least squares regression 

 

Partial least squares (PLS) regression (Wold, 1996; Wold et al., 2001) is a multivariate 

methodology which integrates two separate data matrices (X and Y) and calculate the 

correlations among variables. Unlike principal component analysis (PCA) which maximizes 

the variance in a single data set, PLS maximizes the covariance between two data sets by 

seeking for linear combinations of the variables from both sets. Sparse partial least squares 

(sPLS) is an advanced version of PLS. It aims at combining selection and modelling in a one-

step procedure. This approach has been validated by a series of real biological data sets (Lê 
Cao et al., 2008). It provides variable selection to facilitate the interpretation of results. Two 

deflation steps are proposed to handle either a regression or a canonical framework of the 

biological study. If Y is deflated in an asymmetric way, variables in X can explain the Y 

variables (regression model). If Y is deflated in a symmetric way (canonical model), the aim is 
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to model the relationships between the X and Y variables, and hence highlight interactions 

between the two sets of variables. SPLS was applied in correlation analysis of Chapter 1 (see 

Fig. 3 below). 

 

 

3.3 Data visualization  

 

Heatmap 

 

Heatmap, also called ‘Clustered correlation’ or ‘Clustered Image Maps (CIM)’ was first 

introduced by Weinstein et al. (1994, 1997). This type of representation is based on a 

hierarchical clustering simultaneously operating on the rows and columns of a real-values 

similarity matrix. Each entry of the matrix is coloured on the basis of its value by a 2-

dimensional coloured image. The rows and columns are reordered according to the hierarchical 

clustering (Fig. 1). The similarity matrix represented by the heatmap is the same as in the 

relevance network (see Fig. 2 below). 

 

 
Fig. 1 Correlation visualization via heatmap. An example from a case study of mixOmics 

package in R.  
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Network 

 

The goal of network is to identify combination of microorganisms or genes that show 

significant co-presence or mutual exclusion patterns across samples and to combine them into 

a network (Faust and Raes, 2012). The essence of network and heatmap is identical, while the 

advantage of the network is that time delayed correlations can be visualized by special symbols, 

such as arrows. The network below shows the possible correlations among organisms (Fig. 2). 

 

 
Fig. 2 (a) A ‘hub-and-spoke’ network showing how organisms B, C and D correlate with 

organism A (which is the hub of the network). Positive correlations are represented as solid 

lines, negative correlations as dashed lines and lagged associations as lines with arrows, 

pointing from the leading towards the lagging organism; (b) A network showing all of the 

correlations between all pairs of organisms (A–D), using the solid, dashed and arrow lines 

defined in panel (a). In addition to what is shown in panel (a), this also shows organism B with 

a lagged positive correlation to organism C and a lagged negative correlation to organism D, 

and organism C with a negative correlation to organism D (Fuhrman et al., 2015) 

 

In this thesis, the spatial and seasonal microbial associations (Chapters 1 and 2) were carried 

out using some of these tools above. An integrated flowchart is showed below (Fig. 3). 
 

(b)(a)
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Fig. 3 Flowchart of microbial association analysis (Chapter 1 and 2). 

 

4 Statistical analyses for prokaryote-DOM associations 

 

To investigate the composition of prokaryotic community and of the DOM formulae, and their 

associations, a series of statistical analyses were applied in Chapter 3 (Fig. 4).  

 

Principal component analysis 

 

Principal component analysis (PCA) is an ordination technique. It produces a set of 

uncorrelated (orthogonal) axes to summarise the variance of a data set in a low-dimensional 

space. It provides an overview of linear relationships between samples and species. One of the 

most important advantages of PCA is, if a data set contains many variables and relatively few 

samples, it can help collapse these many variables into a few principal components (PCs), 

which maximizes the variance in the data set.  

 

Principal coordinates analysis 

 

Principal coordinates analysis (PCoA, also known as metric multidimensional scaling) 

summarises and attempts to represent inter-object (dis)similarity in a low-dimensional space 

(Gower, 1966). Rather than using raw data, PCoA takes a (dis)similarity matrix as input. As 

PCA, PCoA also produces a set of uncorrelated axes to summarise the variability in a data set. 
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Each axis has an eigenvalue whose magnitude indicates the amount of variation captured in that 

axis. The proportion of a given eigenvalue to the sum of all eigenvalues reveals the relative 

'importance' of each axis. Each sample has a 'score' along each axis. The sample scores provide 

the sample coordinates in the ordination plot.  

 

Canonical correlation analysis 

 

Canonical correlation analysis (CCorA) is suitable to examine linear relationships between two 

data sets. Unlike canonical correspondence analysis (CCA) and redundant analysis (RDA), 

CCorA is a symmetrical canonical analysis. It means one can correlate two data sets when it is 

unclear what are response and explanatory variables. It attempts to find axes of maximum linear 

correlation between two corresponding data matrices. 

 

In this thesis, the combined analysis of compositional prokaryotic species and DOM 

compounds data (Chapter 3) were carried out using PCoA and CCorA. An integrated flowchart 

is showed below (Fig. 4). 

 

 
Fig. 4 Flowchart of prokaryote-DOM association analysis (Chapter 3). Steps 1 and 2 were 

processed the same as Fig. 3. 
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Diatoms shape the biogeography of heterotrophic
prokaryotes in early spring in the Southern Ocean
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Summary

The interplay among microorganisms profoundly
impacts biogeochemical cycles in the ocean. Culture-
based work has illustrated the diversity of diatom–

prokaryote interactions, but the question of whether
these associations can affect the spatial distribution
of microbial communities is open. Here, we investi-
gated the relationship between assemblages of dia-
toms and of heterotrophic prokaryotes in surface
waters of the Indian sector of the Southern Ocean in
early spring. The community composition of diatoms
and that of total and active prokaryotes were different
among the major ocean zones investigated. We
found significant relationships between composi-
tional changes of diatoms and of prokaryotes. In con-
trast, spatial changes in the prokaryotic community
composition were not related to geographic distance
and to environmental parameters when the effect of
diatoms was accounted for. Diatoms explained 30%
of the variance in both the total and the active pro-
karyotic community composition in early spring in
the Southern Ocean. Using co-occurrence analyses,
we identified a large number of highly significant cor-
relations between abundant diatom species and pro-
karyotic taxa. Our results show that key diatom
species of the Southern Ocean are each associated
with a distinct prokaryotic community, suggesting
that diatom assemblages contribute to shaping the
habitat type for heterotrophic prokaryotes.

Introduction

Marine autotrophic and heterotrophic microbes are tightly
coupled on spatial and temporal scales. The production
and remineralization of dissolved organic matter (DOM)
is a basic interaction that mediates the fluxes of large
quantities of carbon and energy between these compo-
nents of the microbial community (Ducklow et al., 2006).
Roughly half of recent primary production is taken up by
heterotrophic microbes, resulting in a respiration that is
several-fold higher than the annual increase in atmo-
spheric carbon dioxide (CO2) of 4 Gt (Ciais et al., 2014).
Diatoms are ubiquitous phototrophic microbes known to
produce large quantities of DOM (Biddanda and Benner,
1997; Myklestad, 2000). This group is abundant at high lati-
tudes and dominates phytoplankton blooms in the nutrient-
rich, cold surface waters of the Southern Ocean (Smetacek
et al., 2004; Assmy et al., 2013; Quéguiner, 2013; Malviya
et al., 2016), thereby influencing the dynamics of heterotro-
phic microbes.

Phytoplankton blooms markedly affect the prokaryotic
community composition (see reviews by Buchan et al.,
2014; Bunse and Pinhassi, 2017). The successional shifts
were linked to the temporal modifications in the quantity
and quality of the phytoplankton-derived DOM providing
new niches for either opportunistic prokaryotic taxa or
those adapted in the preferential utilization of the com-
pounds released (Rinta-Kanto et al., 2012; Sarmento and
Gasol, 2012; Teeling et al., 2012; Li et al., 2018). Using the
exudate of a common diatom species as a growth sub-
strate in an experimental approach and in situ observations
allowed to establish a link between substrate preferences
of several prokaryotic taxa and their presence during spring
phytoplankton blooms in the Southern Ocean (Landa et al.,
2016). The reported co-occurrence patterns between
eukaryotic and prokaryotic taxa extend the potential impor-
tance of biotic interactions to larger temporal and spatial
scales (Gilbert et al., 2012; Lima-Mendez et al., 2015; Milici
et al., 2016; Needham and Fuhrman, 2016; Zhou et al.,
2018). These networks could in part be driven by the
exchange of a suite of metabolites, discovered in experi-
mental studies using model organisms.

The interplay between autotrophic and heterotrophic
microbes could be governed by mechanisms that are
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species-specific (Amin et al., 2012). The production of
compounds of the vitamin B group, such as B1 by
Marinomonas sp. SBI22 (Paerl et al., 2017), B2 (Johnson
et al., 2016) and B12 by Ruegeria pomeroyi DSS-3
(Durham et al., 2015) was shown to support the growth
of the phototrophs Ostreococcus lucimarinus and
Thalassiosira pseudonana, respectively. The exchange
of nitrogen and carbon governs certain associations
between the nitrogen-fixing cyanobacterium UCYN-A
and the unicellular algae Braarudosphaera bigelowii
(Thompson et al., 2012; Zehr, 2015). The production of
siderophores by Marinobacter sp. DG879 that help
acquire iron could promote interactions with phytoplank-
ton, such as the dinoflagellate Scrippsiella trochoidea
(Amin et al., 2009). Diatom cell division was recently
shown to be regulated by the excretion of hormones
released by prokaryotes based on the co-cultured
Pseudo-nitzschia multiseries with Sulfitobacter sp. SA11
and Thalassiosira pseudonana with Croceibacter atlan-
ticus (Amin et al., 2015; van Tol et al., 2017). These find-
ings in combination with the observed co-occurrence of
microbial taxa (Gilbert et al., 2012; Lima-Mendez et al.,
2015; Milici et al., 2016; Needham and Fuhrman, 2016;
Zhou et al., 2018) raise the question of whether interac-
tions have the potential to drive biogeographic patterns of
microbial communities in the aquatic environment.
The objective of the present study was to investigate

the association between diatom assemblages and the
prokaryotic community composition on a spatial scale.
We specifically asked the question of whether diatom
community composition can explain biogeographic pat-
terns of prokaryotes. Both the total and potentially active
prokaryotic community was considered with the aim to
identify differences in their respective associations with
diatoms. We explored this question in surface waters of
the Indian sector of the Southern Ocean in early spring,
when diatoms are the major contributor to phytoplankton
biomass. We concurrently tested for the possible effects of
geographic distance and environmental parameters, key
factors identified in previous biogeographic studies of pro-
karyotic communities (see review by Hanson et al., 2012).

Results

Environmental context

Our study was conducted over a large spatial distance
(≈ 3000 km) in the Indian sector of the Southern Ocean,
covering four oceanic zones, the subtrophical zone (STZ),
the subantarctic zone (SAZ), the polar front zone (PFZ) and
the Antarctic zone (AAZ) (Table 1; Fig. 1). Gradients in
environmental parameters, determined in seawater col-
lected at 10 m, were particularly pronounced between the
STZ and the SAZ, while overall minor variations within T
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surface waters of the PFZ and AAZ were detectable (see
Supporting Information Table S1 for dissolved oxygen and
salinity). Temperature decreased from 20.09�C in the STZ
to −1.12�C at the southernmost station SI. Concentrations
of DOC dropped from roughly 70 μM in the subtropical
zone to 50 μM within and south of the SAZ. An opposite
trend was observed for the major inorganic nutrients nitrate
and nitrite, phosphate and silicic acid. Abundances of het-
erotrophic prokaryotes decreased by a factor of 3 from the
STZ to the southernmost stations O11 and SI. The coastal
site BDT (1 nautical mile from shore, 50 m overall depth)
within a bay of Kerguelen Island was characterized by
higher DOC concentrations and lower Synechococcus
abundances, and much lower diatom abundances as com-
pared to the stations located within the PFZ. Concentrations
of chlorophyll a had no pronounced N to S gradient and
highest concentrations were detectable above the Kergue-
len plateau (stations A3-1 and A3-2), paralleled by the
highest diatom abundances. Diatoms dominated in terms
of abundance over dinoflagellates at all sampling sites
except at station O22 in the STZ. Diatom carbon biomass
accounted for 2%–14% of total phytoplankton biomass in

subtropical waters, while its contribution was on average
59% for all other stations (Rembauville et al., 2017).

Diatom community composition

The composition of the diatom community, determined by
microscopic observations, was significantly different among
the four ocean zones (ANOSIM, R = 0.78, P < 0.01) based
on Bray–Curtis dissimilarity. Samples originating from the
SAZ (O25), the PFZ (O12 and TNS6) and the AAZ (A3,
O11, KER, FS and SI) formed one main cluster, and sam-
ples originating from the STZ (O22 and O24) formed an
independent branch, including the coastal site BDT
(Fig. 2). Within the main group, separate clusters for the
samples from the SAZ, the PFZ, station A3, located above
the Kerguelen plateau, and the stations south of Kerguelen
Island were detectable. Major diatoms in the STZ were
small centric spp. (19%–67% of total diatom abundance),
corresponding to an assemblage of diatoms <25 μm that
could not be determined to the species level, and Pseudo-
nitzschia spp. (8%–59%), while in the SAZ Chaetoceros
radicans (51%) and Chaetoceros socialis (18%) domi-
nated. In the PFZ Thalassionema nitzschioides (~32%),
small centric spp. (9%–38%), Fragilariopsis kerguelensis
(7%–22%) and Eucampia antarctica (2%–16%) were the
main contributors to the diatom community (Fig. 2). These
diatoms contributed also substantially to the community at
station A3. However, the dominant species at this site was
Chaetoceros curvisetus, accounting for 53% of total diatom
abundance, followed by Thalassionema nitzschioides (22%–

28%). In surface waters south of Kerguelen Island (O11,
KER, FS and SI), Fragilariopsis kerguelensis contributed
between 15% and 37% of total diatom abundance. Pseudo-
nitzschia spp. (2%–31%), small centric spp. (3%–21%),
Chaetoceros curvisetus (3%–18%), and Thalassionema
nitzschioides (2%–10%) accounted for overall lower and
more variable fractions of diatom abundance at these sites.

Composition of total and active prokaryotic communities

From the 12 stations, each sampled in biological tripli-
cates, we obtained 36 subsamples for the total (DNA) and
36 subsamples for the active (RNA) prokaryotic commu-
nity. From the total of 72 subsamples, we obtained 1326
operational taxonomic units (OTUs) defined at 97% simi-
larity based on the 16S rRNA gene amplicon sequencing
targeted on the V4–V5 region. A large number of OTUs
(1217) were shared among the DNA and RNA data sets,
with 1320 and 1323 OTUs obtained from the DNA and
RNA samples, respectively. Unshared OTUs were not
abundant in either the DNA or the RNA data set. nMDS
ordination analysis showed that prokaryotic communities
were significantly different among ocean zones (ANOSIM,
R = 0.69, P < 0.01; Fig. 3). The three biological replicates

Fig. 1. Map of the study region of the Southern Ocean and Climate
(SOCLIM) cruise (October 2016) with stations sampled for the
present study indicated by white dots. Surface chlorophyll
a is derived from ocean colour satellite images (COPERNICUS-
GLOBCOLOR, October 2016, resolution 25 km). Dotted and full
lines indicate ocean zones and fronts, respectively. STZ, Subtropi-
cal Zone; STF, Subtropical Front; SAZ, Subantarctic Zone; SAF,
Subantarctic Front; PFZ, Polar Front Zone; PF, Polar Front; AAZ,
Antarctic Zone.
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analysed from each station closely clustered together, illus-
trating the high replicability among samples for both DNA
and RNA (Supporting Information Fig. S1). For the subse-
quent illustrations and analyses, the biological triplicates
were pooled separately for the DNA and RNA data sets and
the mean relative abundance was calculated for each OTU.
According to OTU abundances, sample assemblages

were dominated by Alphaproteobacteria (DNA 42% of
the sequences of all samples pooled, RNA 38%), Bacte-
roidetes (DNA 28%, RNA 34%), Gammaproteobacteria
(DNA 18%, RNA 16%) and Cyanobacteria (DNA 9%,
RNA 8%), with SAR11, Flavobacteria, Thiomicrospirales
and Synechococcales as major sub-taxa respectively
(Supporting Information Fig. S2). Deltaproteobacteria and
Archaea were not abundant in surface waters (each
<0.6% of sequences pooled from all sites). Dominant
OTUs (i.e. ≥ 1% of the sequences in at least one sample)
represented similar proportions of the total (DNA) and
active (RNA) communities at a given site (Supporting

Information Fig. S2). For clarity, the following brief descrip-
tion is focused on DNA data. Within Alphaproteobacteria,
SAR11 was the most abundant taxon, with two distinct
OTUs belonging to SAR11 Ia being abundant (2%–16% of
the sequences at a given site) either in the STZ or in the
AAZ. Sphingomonadales were present in almost all sam-
ples. Within Gammaproteobacteria, one OTU belonging to
Thiomicrospirales had high relative abundances in the
SAZ, PFZ (except for BDT) and AAZ (3%–9%), and groups
such as SAR86, Pseudomonadales and Alteromonadales
revealed abundances <2%. Within Flavobacteria, two
OTUs belonging to the NS2b marine group were abundant
in the SAZ, PFZ (except for BDT) and AAZ (3%–12%), with
highest relative abundances at station SI. Marine group
NS9 was present with relatively high abundance at station
A3-2 (~ 4%). SAR324 marine group belonging to
Deltaproteobacteria represented 1%–2% of the reads at
the AAZ stations, except for A3-2. Cyanobacteria had
high abundances in the STZ and at station BDT,

Fig. 2. Clustering of stations based on Bray–Curtis dissimilarity of the diatom community composition and relative abundances of diatom species.
Diatom species with a relative abundance ≥1% in at least one station are shown. Samples from the four ocean zones were significantly different
(ANOSIM, R = 0.78, P < 0.01). STZ, Subtropical Zone; SAZ, Subantarctic Zone; PFZ, Polar Front Zone; AAZ, Antarctic Zone. Note: colour codes
and associated names are ordered from top to bottom of each panel.
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represented by Synechococcus and Prochlorococcus.
Archaeal Thaumarchaeota varied between 0.5% and 1%
at stations KER, FS, A3-1 and A3-2.

Linking prokaryotic and diatom community composition

To explore the question of whether prokaryotic commu-
nity composition was linked to the diatom assemblages,
we calculated the dissimilarity for each pair of samples of
both prokaryotic and diatom communities. Based on the
Mantel test, we observed significant relationships between
changes in the diatom assemblages and in the total (DNA)
(Fig. 4; R = 0.55; P < 0.01) and active (RNA; Supporting
Information Fig. S3; R = 0.55; P < 0.01) prokaryotic commu-
nities for the Southern Ocean samples (SAZ, PFZ and
AAZ; excluding BDT). This illustrates that the dissimilarity in
the composition of each the total and active prokaryotic
community increases with an increasing dissimilarity of the
diatom assemblages. Significant relationships were also
obtained for the entire data set, including the two stations in
the STZ and station BDT (Supporting Information Fig. S4;
R = 0.78, P < 0.01). We then tested the potential influence
of geographic distance and environmental parameters.
Geographic distance was not correlated to the changes in
prokaryotic community composition (Mantel test, P > 0.05),

as shown by the lack of any significant distance decay rela-
tionship (Supporting Information Fig. S5). To determine the
potential influence of environmental parameters, we per-
formed a canonical correspondence analysis. For the
Southern Ocean, temperature explained in part the sepa-
rate clustering of the SAZ sample (Supporting Information
Fig. S6; ANOVA, P < 0.05). For the entire data set, tem-
perature, salinity and DOC explained the separate cluster-
ing of the samples from the STZ (Supporting Information
Fig. S6; ANOVA, P < 0.05). We then applied the partial
Mantel test to consider concurrently the influence of dia-
toms and geographic distance, and diatoms and environ-
mental parameters on prokaryotic community composition
(Table 2). Diatoms explained significantly the variance of
the prokaryotic community composition, whereas geo-
graphic distance or environmental variables alone could
not when the effect of diatoms on prokaryotic communities
was controlled for (Table 2; overall P < 0.05). In addition,
within the AAZ, the relationship between prokaryotic com-
munities and geographic distance was not significant with
and without controlling for the effect of diatoms (P > 0.05).
Diatom community composition explained 30% of the vari-
ance in both the total and active Southern Ocean prokary-
otic community composition. Including the two stations in
the STZ and BDT, the respective variances explained 70%

Fig. 3. Nonmetric multidimensional
scaling (NMDS) of total (DNA) and
active (RNA) prokaryotic communities
based on Bray–Curtis dissimilarity. Bio-
logical replicates of total and active pro-
karyotic communities are shown for
each station. Samples from the four
ocean zones were significantly different
(2D stress = 0.08; ANOSIM, R = 0.69,
P < 0.01). STZ, Subtropical Zone; SAZ,
Subantarctic Zone; PFZ, Polar Front
Zone; AAZ, Antarctic Zone.

Fig. 4. Relationship between changes
in the community composition of dia-
toms and of total prokaryotes for the
Southern Ocean stations (SAZ, PFZ
and AAZ excluding station BDT). Each
point represents the Bray–Curtis dis-
similarity between pairs of samples.
The correlation coefficient was deter-
mined by the Mantel test. Dashed line
denotes linear regression.
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and 50% (Supporting Information Table S2). It was interest-
ing to note that in contrast to prokaryotes, diatom community
composition could be explained by the combined environ-
mental parameters and in particular, salinity, dissolved oxy-
gen, nitrate and nitrite (Supporting Information Table S2).
The potential relationships between dominant diatom

species and prokaryotic OTUs were further investigated
using co-occurrence analysis (Fig. 5). Diatom species and
prokaryotic OTUs with ≥1% relative abundance in at least
one sample were considered. The correlation patterns were
similar for total and active prokaryotic communities. The
cluster analysis revealed several groups of diatoms, each
associated with distinct prokaryotic assemblages. For
the description of these groups, we focus on a few repre-
sentative diatom species. Fragilariopsis kerguelensis,
Thalassionema nitzschoides and Chaetoceros curvisetus
were numerically abundant at several Southern Ocean sites
(Fig. 2), and revealed strong positive correlations (r ≥ 0.6)
with distinct prokaryotic OTUs. Fragilariopsis kerguelensis
was strongly positively correlated with several Flavobacteria
OTUs belonging to groups NS5, NS9 and NS10. Positive
correlations were also found with alphaproteobacterial
OTUs belonging to the SAR11 I and SAR116 clades, and to
Rhodobacterales, further with gammaproteobacterial OTUs
belonging to Pseudomonadales, OM182 and SAR86, and
to one OTU of the deltaprotebacterial SAR324 group.
Thalassionema nitzschoides was positively correlated
with Flavobacteria OTUs belonging to the NS4, NS7, NS9,
Polaribacter and Ulvibacter groups, several Rhodobacterales
OTUs as well as SAR11 Ib. Chaetoceros curvisetus, a
diatom that accounted for 53% of the diatom abundance
at station A3 above the plateau revealed strong correla-
tions with Flavobacteria OTUs exclusively belonging to
the NS9 group, one OTU belonging to the gamma-
proteobacterial Thiomicrospirales, and one OTU belonging
to Thaumarchaeota. For comparison, Chaetoceros radicans
and Chaetoceros socialis, dominant diatom species in the
SAZ, revealed strong correlations to a distinct set of OTUs
belonging to Flavobacteria groups NS2b, NS10 and NS4, to
one OTU belonging each to Rhodobacterales, SAR11,

SAR86 and Thiomicrospirales. Small centric spp. and
Pseudo-nitzschia spp., diatoms with overall higher relative
abundances in subtropical waters were again associated
with distinct OTUs belonging to all major groups. In addition,
several strong (r ≥ 0.6) positive correlations between
Cyanobacterial OTUs and diatoms abundant in the STZ and
at BDT were detectable.

Discussion

Contemporary environmental selection has widely been
identified as one central mechanism for shaping the spa-
tial distribution of heterotrophic microbes in the ocean
(reviewed in Hanson et al., 2012). Dispersal and drift are
additional factors that were identified in biogeographic stud-
ies (Lindström and Langenheder, 2012; Wilkins et al.,
2013). In contrast, the potential influence of the community
composition of microorganisms that can interact with het-
erotrophic microbes has only recently been taken into con-
sideration in this context (Lima-Mendez et al., 2015; Milici
et al., 2016; Zhou et al., 2018). The present study reveals
that the spatial pattern in the community structure of hetero-
trophic microbes in surface waters is tightly associated with
changes in the diatom assemblages, rather than to geo-
graphic distance and environmental conditions. Our survey
covers the major oceanographic zones of the Southern
Ocean where diatoms are dominant components of the
autotrophic community and our results illustrate their poten-
tial role in shaping microbial diversity in surface waters of
this part of the ocean.

The key diatom species that we identified, based on
their high relative abundances at several sites, could be
indicative for two broad ecological niches in the Southern
Ocean. Fragilariopsis kerguelensis, a chain forming, heavily
silicified pennate diatom with overall low growth rates is
typically associated with high-nutrient-low-chlorophyll
(HNLC) systems (Smetacek et al., 2004; Quéguiner,
2013). In contrast, small diatoms (<25 μm), such as
Chaetoceros spp., Thalassionema nitzschioides and
Thalassiosira spp. are more lightly silicified and known to

Table 2. Partial Mantel test for prokaryotic and diatom community composition and geographic distance (a) and combined environmental parame-
ters (b) for Southern Ocean samples.

Prokaryotes DNA Diatoms Prokaryotes RNA Diatoms

(a)
Diatoms 0.556** Diatoms 0.551*
Geographic distance −0.089 0.167 Geographic distance 0.067 −0.105

(b)
Diatoms 0.581** Diatoms 0.540**
Combined environmental

parameters
−0.240 0.527** Combined environmental

parameters
−0.177 0.591**

The values shown in the tables are Rho values. Each value represents the correlation between two matrices while controlling for the effect of the
third matrix.
**P < 0.01; *P < 0.05.
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develop rapidly under favourable conditions, such as in
response to iron supply by natural fertilization in the region
east of Kerguelen Island (Blain et al., 2007; Lasbleiz et al.,
2016) or to mesoscale artificial iron additions (Assmy
et al., 2013). Fragilariopsis kerguelensis was associated
to several OTUs of the SAR11 Ia and SAR116 clades and
OTUs belonging to OM182 and SAR86, groups that were

previously characterized as oligotrophs to be adapted to
conditions of low resource supply (Sowell et al., 2009;
Yooseph et al., 2010; Swan et al., 2013). Noticeably strong
correlations were also found for deltaproteobacterial
SAR324 OTUs. Members of this group are chemo-
lithotrophic (Swan et al., 2011; Sheik et al., 2014) and thus
likely better adapted to oligotrophic conditions. In contrast,

Fig. 5. Heatmap of correlations between
dominant diatom species and prokaryotic
OTUs from total communities based on
Pearson correlations. Diatom species and
prokaryotic OTUs with ≥1% relative abun-
dance in at least one sample are shown.
Colour key: Red and blue colours repre-
sent positive and negative correlations,
respectively. a.t. = ambiguous taxa.
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Thalassionema nitzschoides and Chaetoceros curvisetus
had strong correlations with OTUs that were previously iden-
tified as rapid responders to phytoplankton blooms, as for
example the flavobacterial OTUs Polaribacter, Ulvibacter
and OTUs from the NS7 group (Buchan et al., 2014). Among
these, Polaribacter has frequently been observed in temper-
ate (Teeling et al., 2012; Klindworth et al., 2014; Needham
and Fuhrman, 2016) and polar regions under bloom condi-
tions (Williams et al., 2013; Delmont et al., 2014; Luria et al.,
2016; Dadaglio et al., 2018) and in response to labile organic
matter supply (Dinasquet et al., 2017; Luria et al., 2017;
Tada et al., 2017). Similarly, Rhodobacterales had a higher
number of strong positive correlations with Thalassionema
nitzschoides and Chaetoceros curvisetus than with
Fragilariopsis kerguelensis. The rapid response of the
above mentioned OTUs to phytoplankton blooms has
been attributed to their uptake capacities of specific
phytoplankton-derived substrates, using functional profil-
ing based on metatranscriptomics (Rinta-Kanto et al.,
2012; Teeling et al., 2012; Beier et al., 2015) and meta-
proteomics (Li et al., 2018).
We expected the composition of total and active pro-

karyotes to be different, but the spatial distribution and
the co-occurrence patterns revealed to be highly similar
between these communities. The use of RNA-based ap-
proaches to distinguish the active microbial community
members from inactive or dormant ones is based on the
relationship between cellular content of ribosomal RNA
(rRNA) and metabolic activity (Kerkhof and Ward, 1993;
Poulsen et al., 1993). Several limitations were pointed
out (Blazewicz et al., 2013), including differences in the
relationship between rRNA content and growth rate among
taxa, and the possibly high rRNA content of dormant and
inactive cells (Flärdh et al., 1992; Fegatella et al., 1998).
Previous investigations in the study region have shown that
bulk prokaryotic production and growth rates in early spring
are substantially lower as compared to mid-summer, in par-
ticular at bloom sites (Christaki et al., 2014). In contrast to
the present study, total and active prokaryotic communities
were different from each other in summer, both within the
phytoplankton bloom above the Kerguelen plateau (Station
A3) and in HNLC waters (West et al., 2008). These obser-
vations suggest that while prokaryotes are stimulated by
phytoplankton growth in early spring, our approach does
not allow to differentiate the active community members
from those potentially inactive or dormant (Lennon and
Jones, 2011).
Our observation that key diatom species are each associ-

ated with several distinct prokaryotic taxa raises the question
on the underlying mechanisms. While the exact processes
are not tractable with the present data set, we provide a pos-
sible scenario. In contrast to heterotrophic prokaryotes, the
spatial distribution of diatoms was significantly correlated to
some environmental parameters. Because our study took

place in early spring when the effect of phytoplankton activity
on inorganic nutrient drawdown is minor, this result suggests
that environmental parameters are drivers of diatom assem-
blages and that diatoms may be setting the pace for the
observed spatial changes in prokaryotic community compo-
sition. Previous field studies and satellite observations have
indicated that the onset of spring phytoplankton blooms
occurring in the region off Kerguelen Island can differ by sev-
eral weeks (Sallée et al., 2015). Considering each site inde-
pendently, the varying contributions of the most abundant
diatom species could represent different stages of the spring
phytoplankton development at a given location with potential
consequences on the prokaryotic community composition.
The qualitative and quantitative differences in the DOM
produced by the various diatoms are likely to present an
important selection process (Landa et al., 2016; Sarmento
et al., 2016).

The pronounced association between assemblages of
diatoms and heterotrophic microbes observed in the pre-
sent study could be driven by two particular features of
the Southern Ocean that are the growth-limiting concen-
trations of bioavailable iron and organic carbon in surface
waters. Iron availability controls autotrophic and hetero-
trophic metabolism, but the lack of bioavailable organic
carbon represents an additional constraint for heterotro-
phic microbes (Church et al., 2000; Obernosterer et al.,
2015). In early spring, autotrophic plankton outcompetes
heterotrophs for access to iron (Fourquez et al., 2015).
Thus, diatom-derived organic matter is key in driving both
heterotrophic microbial activity and diversity in this ocean
region (Arrieta et al., 2004; Obernosterer et al., 2008;
Landa et al., 2016; Luria et al., 2016). The spatial distri-
bution of the diatom assemblages as observed in the pre-
sent study in early spring likely reflects their respective
ecological niches driven by the light-nutrient regime,
including iron availability. Our results let us conclude that
diatom assemblages shape the habitat type for heterotro-
phic microbes and thereby directly influence their com-
munity composition.

Experimental procedures

Study area and sampling strategy

The present study was performed during the Southern
Ocean and Climate (SOCLIM) cruise (doi: 10.17600/
16003300) aboard the R/V Marion Dufresne (08 October –1
November 2016). The 12 stations sampled for the present
study were located in four oceanographic zones, the sub-
tropical zone (STZ), the subantarctic zone (SAZ), the polar
front zone (PFZ) and the Antarctic zone (AAZ; Fig. 1;
Table 1). In the AAZ, station A3, located above the Kergue-
len plateau, was visited twice during the sampling period
(stations A3-1 and A3-2). Station BDT (Baie de la Table) is a
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coastal site (50 m overall depth) within a bay of Kerguelen
Island. All environmental data and the samples for the dia-
tom community composition were collected at 10 m with 12 l
Niskin bottles mounted on a rosette equipped with a
conductivity–temperature–depth (CTD, Seabird SBE9+)
sensor. Seawater samples for microbial diversity analyses
were taken from the underway seawater supply system that
collected water at 5 m depth.

The sampling, storage and analyses of common envi-
ronmental parameters were done according to previously
described protocols. The major inorganic nutrients nitrite
(NO2

−), nitrate (NO3
−), phosphate (PO4

3−) and silicic acid
(Si(OH)4) were determined using continuous flow analy-
sis with a Skalar instrument (Aminot and Kérouel, 2007;
Blain et al., 2014). Dissolved organic carbon (DOC) con-
centrations were determined by high-temperature oxida-
tion on a Shimadzu TOC-VCP analyser (Benner and
Strom, 1993; Obernosterer et al., 2015). Concentrations
of chlorophyll a (Chl a) were determined by High-
Performance Liquid Chromatography (HPLC) analyses
(Uitz et al., 2009). The abundance of heterotrophic and
autotrophic prokaryotes and pico- and nanoeukaryotes
was done by flow cytometric analyses on a BD FACS
Canto (Marie et al., 2000; Obernosterer et al., 2008). For
the identification and enumeration of the diatom and dino-
flagellate assemblages, 100 ml of seawater were fixed
with Lugol solution (1% final concentration) and stored in
the dark at 4 �C for 2 months. Observations were done in
an Utermöhl counting chamber (24 h, dark) using an
inverted microscope with phase contrast (Olympus IX70)
with 400× magnification as described in Rembauville
et al. (2017).

For the analyses of the prokaryotic community compo-
sition, three 6 L biological replicates were collected at
each site, filtered on 60 μm nylon screens, and then
through 0.8 μm polycarbonate filters (47-mm diameter,
Nuclepore, Whatman, Sigma Aldrich, St Louis, MO). Cells
were then concentrated on 0.2 μm Sterivex filter units
(Sterivex, Millipore, EMD, Billerica, MA) using a peristaltic
pumping system (Masterflex L/S Easy-Load II). The
Sterivex filter units were kept at −80�C until extraction.

DNA and RNA extraction and sequencing preparation

DNA and RNA were simultaneously extracted from one
Sterivex filter unit using the AllPrep DNA /RNA kit
(Qiagen, Hiden, Germany) with the following modifications.
Filter units were thawed and closed with a sterile pipette
tip end at the outflow. Lysis buffer was added (40 mM
EDTA, 50 mM Tris, 0.75 M sucrose) and 3 freeze and
thaw cycles were performed using liquid nitrogen and a
water bath at 65�C. Lysozyme solution (0.2 mg ml−1 final
concentration) was added and filter units were placed on a

rotary mixer at 37�C for 45 min. Proteinase K (0.2 mg ml−1

final concentration) and SDS (1% final concentration) were
added and filter units were incubated at 55�C with gentle
agitation every 10 min for 1 h. To protect the RNA, 10 μl of
β-mercaptoethanol was added to 1 ml of RLT plus buffer
provided by the kit. To each filter unit, 1550 μl RLT plus-
β-mercaptoethanol was added and inverted to mix. The
lysate was recovered by using a sterile 5 ml syringe and
loaded in three additions onto the DNA columns by centrifug-
ing at 10 000g for 30 s. DNA and RNA purifications were
performed following the manufacturer’s guidelines (Qiagen,
Germany) in which RNA was treated with DNase to avoid
DNA contamination after the first wash step.

RNA was converted to cDNA using SuperScript III
Reverse Transcriptase according to the manufacturer’s
instructions. Prior to reverse transcription, quality of RNA
samples was examined by PCR test with general primer
sets 341F (50-CCTACGGGNGGCWGCAG) and 805R
(50-GACTACHVGGGTATCTAATCC) for the prokaryotic
16S rRNA gene, followed by the examination of amplifi-
cation products on 1% agarose electrophoresis. Based
on the results of the PCR test, DNase was performed
once more on the RNA extracts of those samples with
contaminating DNA left, to completely remove the resid-
ual DNA. DNA and cDNA were amplified and pooled as
described in Parada et al. (2016) with a modification to
the PCR amplification step. Briefly, the V4–V5 region of
the 16S rRNA gene from DNA and cDNA samples was
amplified with the primer sets 515F-Y (50-GTGYCAGCMG
CCGCGGTAA) and 926R (50-CCGYCAATTYMTTTRAG
TTT). Triplicate 10 μl reaction mixtures contained 2 μg DNA,
5 μl KAPA2G Fast HotStart ReadyMix, 0.2 μM forward
primer and 0.2 μM reverse primer. Cycling reaction started
with a 3 min heating step at 95�C followed by 22 cycles of
95�C for 45 s, 50�C for 45 s, 68�C for 90 s, and a final
extension of 68�C for 5 min. The presence of amplification
products was confirmed by 1% agarose electrophoresis and
triplicate reactions were pooled. Each sample was added
with unique paired barcodes. The Master 25 μl mixtures
contained 1 μl PCR product, 12.5 μl KAPA2G Fast HotStart
ReadyMix (Kapa Biosystems, Wilmington, MA), 0.5 μl
barcode 1 and 0.5 μl barcode 2. The cycling program
included a 30 s initial denaturation at 98�C followed by
8 cycles of 98�C for 10 s, 60�C for 20 s, 72�C for 30 s, and a
final extension of 72�C for 2 min. About 3 μl PCR product
was used to check for amplification on 1% agarose electro-
phoresis. The remaining 22 μl barcoded amplicon product
was cleaned to remove unwanted dNTPs and primers by
Exonuclease I and Shrimp Alkaline Phosphatase at 37�C,
30 min for treatment and 85�C, 15 min to inactivate. The
concentration of double-stranded DNA was quantified by
PicoGreen fluorescence assay (Life Technologies, Carls-
bad, CA). After calculating the PCR product concentration of
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each samples, they were pooled at equal concentrations
manually. The pooled PCR amplicons were concentrated
using Wizard SV gel and PCR clean-up system (Promega,
Fitchburg, WI) according to the manufacturer’s protocol. 16S
rRNA gene amplicons were sequenced with Illumina MiSeq
2 × 300 bp chemistry on one flow-cell at Fasteris SA
sequencing service (Switzerland). Mock community DNA
(LGC standards, UK) was used as a standard for subse-
quent analyses and considered as a DNA sample for all
treatments.

Data analysis

All samples from the same sequencing run have been
demultiplexed by Fasteris SA and barcodes have been
trimmed off. A total number of 4 150 902 sequences was
obtained. Processing of sequences was performed using
the Usearch pipeline (Edgar, 2013). Paired-end reads were
merged using fastq-mergepairs. The positions of primers
were checked using search_oligodb and fastx_subsample
were used to subset a portion of all sequences to check
(e.g. 5000 sequences). Primers were trimmed and merged
reads in range of length from 336 to 486 were kept using
fastq-filter based on maximum expected error (Needham
and Fuhrman, 2016). In total, 2 000 219 sequences were
kept after quality filtering. Data were denoised and chimera
were identified and removed using unoise3 with a minsize
10 according to mock community DNA (Edgar, 2016). Dur-
ing this step, singletons were discarded. Sequences were
clustered using usearch_global and defined as OTUs at a
97% sequence similarity level. OTUs were assigned using
assign_taxonomy.py against SILVA release 132 database
(Quast et al., 2012). Sequences assigned to chloroplast
were removed prior to subsequent analyses.

Statistical analyses

All statistical analyses were performed using R 3.4.2 ver-
sion. The OTU and taxa tables were combined into one
object using phyloseq R package.
Data were Hellinger transformed prior to the analyses

based on Bray–Curtis dissimilarity (Legendre and Gallagher,
2001). Bray–Curtis dissimilarity matrices were generated via
vegdist() function. Nonmetric dimensional scaling (NMDS)
ordinations were generated based on Bray–Curtis dissimilar-
ity using monoMDS() function in the package Vegan
(Oksanen et al., 2015). Analysis of similarity (ANOSIM) was
performed to test significant differences between sampling
zones in microbial communities with R. Dendrograms were
performed using hclust() with method ‘average’ in the Vegan
package.
Mantel and partial Mantel tests were performed in

Vegan using mantel() and mantel. partial() based on the
Pearson correlation method. The linear model was applied

for the relationship between prokaryotic communities ver-
sus diatom communities in R. Geographical coordinates
were transformed using the Haversine formula (Sinnott,
1984). Prior to correlation analysis, environmental vari-
ables were z-score transformed. The amount of variance
in prokaryotic community composition explained by dia-
toms was estimated as the square of the correlation coeffi-
cient (Rho2) based on partial Mantel test.

Sequences alignment was carried out using MAFFT
algorithm web services by defaults (Katoh et al., 2017).
The phylogenetic tree was constructed using PhyML 3.0
online programs based on maximum likelihood method
and 100 bootstraps with HKY85 substitution model
(Guindon and Gascuel, 2003). The tree was visualized
with SeaView version 4.7 and saved as rooted tree. Heat
maps were generated using heatmap3 package and rows
were reordered corresponding to phylogenetic tree. The
correlation heatmaps were generated using spls() and
cim() in the mixOmics package with log-transformed data
(Chun and Keleş, 2010; Rohart et al., 2017).

Canonical correspondence analysis was performed
using cca() in Vegan package with z-score transformed
data. The significance of environmental parameters was
tested with an analysis of variance (ANOVA) using Vegan
package in R.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Fig. S1. Dendrograms of total (a) and active (b) prokaryotic
communities based on Bray–Curtis dissimilarity of biological
triplicates. Triplicates were named with number of station
followed by a, b and c.
Fig. S2. Heatmap and phylogenetic tree of dominant pro-
karyotic OTUs that account for ≥1% in at least one sample
of the total (a) or active (b) prokaryotic community. The tax-
onomy classification of each OTU was done according to
their closest sequence match assigned by the SILVA
database.
Colour key: dark red and light yellow colours represent high
and low abundances, respectively. a.t = ambiguous taxa
Fig. S3. Relationship between changes in the community
composition of diatoms and of active prokaryotes. Each
point represents the Bray–Curtis dissimilarity between pairs
of samples. The correlation coefficient was determined by
the Mantel test. Dashed lines denote linear regressions for
the Southern Ocean stations (SAZ, PFZ and AAZ excluding
station BDT).
Fig. S4. Relationship between changes in prokaryotic and
diatom communities. Each point represents the Bray–Curtis
dissimilarity between pairs of samples. The correlation coeffi-
cients were determined by Mantel test. (a) Total prokaryotic
communities. The full line denotes the linear regression
across the entire transect (filled and empty circles com-
bined). The dashed line denotes the linear regression across
the Southern Ocean (SAZ, PFZ and AZ excluding sample
BDT) regions (empty circles only). (b) Active prokaryotic
communities. The full line denotes the linear regression
across the entire transect (filled and empty squares com-
bined). The dashed line denotes the linear regression across
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the Southern Ocean (SAZ, PFZ and AZ excluding sample
BDT) regions (empty squares only).
Fig. S5. Distance-decay curves of dissimilarity of the
composition of the total prokaryotic communities. Each
point represents the Bray–Curtis dissimilarity between
pairs of samples. The correlation coefficients were deter-
mined by Mantel test. (a) Entire transect (b) Southern
Ocean (SAZ, PFZ and AZ excluding sample BDT). Non-
significant results were also obtained for the active pro-
karyotic communities (data not shown).
Fig. S6. Canonical correspondence analysis of prokary-
otic community composition and environmental parame-
ters for (a) the entire transect and (b) for the Southern

Ocean (SAZ, PFZ and AZ excluding sample BDT). Highly
auto-correlated parameters are not shown (PO4

3− with
NO3

− and dissolved oxygen with temperature). The sig-
nificant parameters were temperature, salinity and DOC
for the entire transect (a) and temperature for the South-
ern Ocean (b). Station BDT was not considered because
chlorophyll a data was not available.
Table S1 Additional environmental variables of the study
sites.
Table S2. Partial Mantel test for prokaryotic and diatom
community composition and geographic distance (a) and
environmental parameters (b) for the entire dataset and
Southern Ocean samples.
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Fig. S1. Dendrograms of total (a) and active (b) prokaryotic communities based on Bray– Curtis 

dissimilarity of biological triplicates. Triplicates were named with number of station followed 

by a, b and c. 
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Fig. S2. Heatmap and phylogenetic tree of dominant prokaryotic OTUs that account for ≥1% 

in at least one sample of the total (a) or active (b) prokaryotic community. The taxonomy 

classification of each OTU was done according to their closest sequence match assigned by the 

SILVA database. Colour key: dark red and light yellow colours represent high and low 

abundances, respectively. a.t = ambiguous taxa 

 

 
Fig. S3. Relationship between changes in the community composition of diatoms and of active 

prokaryotes. Each point represents the Bray–Curtis dissimilarity between pairs of samples. The 

correlation coefficient was determined by the Mantel test. Dashed lines denote linear 

regressions for the Southern Ocean stations (SAZ, PFZ and AAZ excluding station BDT). 
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Fig. S4. Relationship between changes in prokaryotic and diatom communities. Each point 

represents the Bray–Curtis dissimilarity between pairs of samples. The correlation coefficients 

were determined by Mantel test. (a) Total prokaryotic communities. The full line denotes the 

linear regression across the entire transect (filled and empty circles combined). The dashed line 

denotes the linear regression across the Southern Ocean (SAZ, PFZ and AZ excluding sample 

BDT) regions (empty circles only). (b) Active prokaryotic communities. The full line denotes 

the linear regression across the entire transect (filled and empty squares combined). 

The dashed line denotes the linear regression across the Southern Ocean (SAZ, PFZ and AZ 

excluding sample BDT) regions (empty squares only). 

 

 
Fig. S5. Distance-decay curves of dissimilarity of the composition of the total prokaryotic 

communities. Each point represents the Bray–Curtis dissimilarity between pairs of samples. 

The correlation coefficients were determined by Mantel test. (a) Entire transect (b) Southern 

Ocean (SAZ, PFZ and AZ excluding sample BDT). Nonsignificant results were also obtained 

for the active prokaryotic communities (data not shown). 
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Fig. S6. Canonical correspondence analysis of prokaryotic community composition and 

environmental parameters for (a) the entire transect and (b) for the Southern Ocean (SAZ, PFZ 

and AZ excluding sample BDT). Highly auto-correlated parameters are not shown (PO4
3- with 

NO3
− and dissolved oxygen with temperature). The significant parameters were temperature, 

salinity and DOC for the entire transect (a) and temperature for the Southern Ocean (b). Station 

BDT was not considered because chlorophyll a data was not available. 
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Table S1. Additional environmental variables of study sites 

Station Date Lat/Long Salinity Oxygen (μM) 

Subtropical Zone     

O22 08-Oct-16 29.00°S 58.93°E 35.71 235 

O24 10-Oct-16 38.00°S 63.65°E 35.47 260 

Subantarctic Front     

O25 12-Oct-16 45.00°S 67.77°E 33.94 304 

Polar Front Zone     

O12 25-Oct-16 47.00°S 72.22°E 33.75 314 

TNS6 15-Oct-16 48.78°S 72.28°E 33.85 275 

Antarctic Zone     

BDT 17-Oct-16 49.50°S  69.21°E 33.51 337 

A3-1 18-Oct-16 50.63°S 72.06°E 33.92 347 

A3-2 24-Oct-16 50.63°S 72.06°E 33.92 344 

KER 18-Oct-16 50.68°S 68.38°E 33.90 337 

FS 19-Oct-16 52.50°S 67.00°E 33.94 337 

O11 20-Oct-16 56.50°S 63.00°E 33.99 341 

SI 21-Oct-16 58.50°S 61.50˚E 33.87 358 
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Table S2. Partial Mantel test for prokaryotic and diatom community composition and geographic distance (a) and 
environmental parameters (b) for the entire dataset and Southern Ocean samples. 
 
 (a) 

 
 
 
 
 

 
 
 (b) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The values shown in the tables are Rho values. Each value represents the correlation between two matrices while controlling for the effect of the 
third matrix. 
** p < 0.01, * p < 0.05 
 

 Entire dataset Southern Ocean  Entire dataset Southern Ocean 

 
Prokaryotes 
DNA Diatoms 

Prokaryotes 
DNA Diatoms  

Prokaryotes 
RNA Diatoms 

Prokaryotes 
RNA Diatoms 

Diatoms 0.824**  0.556**  Diatoms 0.704**  0.551*  

Geographic distance -0.423 0.438* -0.089 0.167 Geographic distance -0.238 0.270 0.067 -0.105 

 Entire dataset Southern Ocean  Entire dataset Southern Ocean 

 Prokaryotes 
DNA Diatoms Prokaryotes 

DNA Diatoms  Prokaryotes 
RNA Diatoms Prokaryotes 

RNA Diatoms 

Diatoms 0.854**  0.581**  Diatoms 0.738**  0.540**  
Combined 
environmental 
parameters 

-0.569 0.569* -0.240 0.527** 
Combined 
environmental 
parameters 

-0.414 0.414* -0.177 0.591** 

Temperature -0.596 0.620** 0.003 0.389 Temperature -0.439 0.472* 0.275 0.016 

Salinity -0.521 0.499* -0.009 0.022 Salinity -0.445 0.405* -0.190 0.553* 

Dissolved oxygen -0.516 0.497* -0.291 0.543** Dissolved oxygen -0.371 0.347* -0.275 0.372 
PO4

3- -0.555 0.584** -0.442 0.356 PO4
3- -0.456 0.490* -0.202 0.058 

Si(OH)4 -0.380 0.544** 0.238 0.354 Si(OH)4 -0.036 0.354* 0.453* -0.01 

NO2
- -0.421 0.359 -0.435 0.460* NO2

- -0.393 0.280 -0.301 0.622** 
NO3

- -0.551 0.585** -0.431 0.461* NO3
- -0.441 0.484* -0.158 0.170 

DOC -0.263 0.211 0.512 -0.154 DOC -0.165 0.094 -0.026 0.547 
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Preface 
	
The work presented in thesis chapter is part of the Southern Ocean and Climate Project 

(SOCLIM, PI Stéphane Blain). I carried out the test series on the fixed seawater samples, I 

performed all molecular analyses, including the extraction of DNA and RNA, and the 16S 

rRNA gene amplification. I performed the bioinformatic procedures, and the network analyses 

to establish links between prokaryotic communities and diatoms. My work was carried out on 

seawater samples collected by a remote access sampler, an instrument that was developed, 

deployed and recovered by Stéphane Blain and Olivier Crispi. The diatom assemblages were 

described by Mathieu Rembauville (LOMIC). Olivier Crispi provided the inorganic nutrient 

analyses. 

 

This work was presented during the IMBER meeting in Brest (June 2019) and it will be 

presented at the SAME meeting in Potsdam (Germany) in September (2019). 
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Abstract 

 

Iron-fertilized waters sustain annually occurring spring phytoplankton blooms over the 

Kerguelen plateau (Southern Ocean). Previous short-term observations have shown that these 

diatom-dominated blooms stimulate prokaryotic activity and shape community composition 

during the onset and declining stage. The investigation of the seasonal dynamics has thus far 

been hampered by the limited access to this remote site. We present here results of temporal 

changes in the prokaryotic community composition obtained by a remote access sampler 

deployed at an iron-fertilized site on the Kerguelen plateau. A total of 19 seawater samples 

were collected over 4 months at 5-11 days intervals in the surface mixed layer, covering the 

entire productive season. We observed two consecutive phytoplankton blooms, each composed 

of distinct diatom assemblages. Illumina sequencing of the 16S rRNA gene revealed 

pronounced seasonal patterns of the free-living (< 0.8 µm fraction) and the particle-attached (> 

0.8 µm fraction) prokaryotic communities. Using network analysis, we identified two groups 

of diatoms representative of the spring and summer bloom, respectively, that had opposite 

correlation patterns with prokaryotic taxa. We discuss potential ecological features of key 

prokaryotic taxa, independent of or associated to diatoms, in a naturally iron fertilized region 

of the Southern Ocean. 
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Introduction 

 

Microbes in the surface waters of the ocean play key roles in global carbon and nutrient 

exchanges (see reviews Buchan et al., 2014; Seymour et al., 2017). Briefly, phytoplankton act 

as the major primary producers and support the marine food web, while prokaryotes consume 

organic matter produced by phytoplankton and remineralize a large portion back to CO2. The 

relationship between phytoplankton and prokaryotes has been intensively explored in 

experimental studies and under bloom conditions, in particular to investigate the prokaryotic 

response to transient or continuous phytoplankton-derived DOM pulses (Pinhassi et al., 2004; 

Rieman et al., 2010; Sarmento et al., 2016; Landa et al., 2016; Dadaglio et al., 2018). 

Phytoplankton blooms are worldwide phenomena and highly dynamic events that usually occur 

over a short time period because of the drawdown of nutrients, grazing or viral infections. They 

are often followed by secondary blooms of heterotrophic prokaryotes and shifts in the 

prokaryotic community composition over time (Teeling et al., 2012). Diatoms contribute 20-

40% to global carbon fixation (Nelson et al., 1995; Mann, 1999; Armbrust, 2009), and many 

species were shown to interact with prokaryotes (Gärdes et al., 2011; Amin et al., 2012). 

 

     The in situ interactions between diatoms and prokaryotes under bloom conditions was 

mainly investigated in coastal systems. The most prominent prokaryotic affiliations are the 

Flavobacteriaceae, Gammaproteobacteria (e.g., SAR92 clade) and the alphaproteobacterial 

Roseobacter clade (Teeling et al., 2016). In addition, major phylogenic groups showed different 

growth responses in the open ocean diatom dominated blooms, where gammaproteobacterial 

Alteromonas and Betaproteobacteria were strongly correlated with organic matter supply (Tada 

et al., 2011). Seasonal bacterial dynamics were also found associated with a spring diatom 

bloom, in which major changes of Flavobacteriales and Rhodobacterales were observed related 

to the amounts of transparent exopolymer particles (TEP) (Taylor et al., 2013). Most studies 

aiming to find the relationships between diatoms and prokaryotes take chlorophyll a as a proxy 

for the characteristic of blooms, which ignore that different diatoms, even closely related ones 

have various properties and associated with distinct prokaryotic phylotypes (Amin et al., 2012). 

Furthermore, different bloom types in terms of phytoplankton species have the ability to 

encourage the different responses by same prokaryotic groups (Fandino et al., 2005). 

 

     The time-series approach has been applied to evaluate the dynamics of microbial community 

composition and the associations with the surrounding environment over time (see review 
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Fuhrman et al., 2015). Temporal prokaryotic community dynamics have been under intense 

scrutiny in coastal seawater (see review by Bunse and Pinhassi, 2017). Significant seasonal 

patterns of prokaryotic community composition during one year (Grzymski et al., 2012; Lindh 

et al., 2015) and recurrent patterns over multiple years have been studied (Gilbert et al., 2012; 

Chafee et al., 2017; Lambert et al., 2018). Although the temporal interactions between 

phytoplankton and prokaryotes have been recently studied in temperate regions (Gilbert et al., 

2012; Needham and Fuhrman, 2016), microbial studies over few months in the open ocean are 

still limited due to logistic constrains in site access and support. The microbial communities in 

the Southern Ocean have been severely under-sampled compared with temperate oceans 

(Andersson et al., 2010; Lindh et al., 2015), even polar ecosystems (Grzymski et al., 2012; 

Ghiglione et al., 2012). Much less is known about the diatom-prokaryotes interactions. 

 

     The objective of the present study was to investigate the dynamics of microbial community 

composition and the temporal associations between diatom assemblages and the prokaryotes in 

the open ocean. We explored this question in the naturally iron-fertilized region off Kerguelen 

Island (Southern Ocean) utilizing a Remote Access Sampler. 
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Material and methods 

 

Study site and sampling strategy 

 

 
Fig. 1 Map of the study site (A3) above the Kerguelen plateau sampled via Remote Access 

Sampler (RAS) during the Southern Ocean and Climate (SOCLIM) cruise (October 2016 – 

April 2017). The bathymetry is from NOAA ETOPO1 at 1 degree resolution. 
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(a) 

 
(b) 

         
 

Fig. 2 The (a) deployment and the (b) full view of McLane Remote Access Sampler (RAS-500). 

 



 Chapter 2  

	 72 

Our study site is located in the Indian Sector of the Southern Ocean, above the Kerguelen 

plateau (50.63°S, 72.06°E; overall depth 527m) (Fig. 1). Seawater was collected with a Remote 

Access Sampler (RAS-500, Mac Lane) deployed from 25 October 2016 to 24 February 2017. 

The RAS was positioned at ~ 40m to allow sampling in the mixed layer throughout the season. 

The RAS can collect up to 48 seawater samples, each of 500 mL, in an autonomous manner, 

following a personalized pre-programmed schedule (Fig. 2). For the present study, 3 samples 

were collected at each time point (18 time points in total): 1 sample was pre-filtered through a 

0.8 µm polycarbonate (PC) filter, and 2 samples remained unfiltered. The 0.8 µm-filtered 

samples served for inorganic nutrient analyses and the unfiltered samples were used for the 

determination of diatom and prokaryotic community composition (Table 1). Fixatives were 

added to the sample bags prior to deployment. Mercuric chloride (HgCl2, 1% final conc.) was 

used as fixative for the 0.8 µm-filtered samples and for one of the unfiltered samples, and 

glutaraldehyde (25% final conc.) was used as fixative for the other unfiltered sample (Table 1). 

Following the 4-months deployment, the seawater of each sample bag was recovered in 500 

mL PC carboys for transport to the home laboratory. An additional sample was taken on 6 April 

2017 during the voyage of the recovery of the RAS. The seawater was collected at about 5m 

depth using the underway water supply system and fixed with glutaraldehyde until return to the 

home lab.  

 

The mooring of the RAS was equipped with sensors continuously recording conductivity, 

temperature, dissolved oxygen (CTD, Seabird SBE19+) and the partial pressure of CO2 

(Carioca). The concentration of inorganic nutrients (nitrate, nitrite, silicic acid and ammonium) 

was determined according to standard protocols (Blain et al., 2014). The identification, 

enumeration and biomass determination of the diatom and dinoflagellate assemblages were 

done on 200 mL of unfiltered seawater. Microscopic observations were carried out in an 

Utermöhl counting chamber (24 h, dark) using an inverted microscope with phase contrast 

(Olympus IX70) with 400× magnification as described in Rembauville et al. (2017). For 

microbial diversity analyses, 200 mL of seawater were sequentially filtered through 0.8 µm and 

0.2 µm PC filters (Nuclepore). The filters were kept at -80˚C until DNA extraction.  
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Table 1. Overview of the samples collected by the RAS for microbial diversity analyses. 

Positive and negative symbols indicate whether results (16S rRNA sequences for prokaryotes 

and microscopic observations for diatoms) are available. Dates of samples used for network 

analysis are shown in bold. 

 
Date Sample fixation 

  Prokaryotes  Diatoms 

 HgCl2  Glutaraldehyde  Glutaraldehyde 

2016.10.25 + + + 

2016.11.06 + + + 

2016.11.11 + - - 

2016.11.17 + + + 

2016.11.22 + - - 

2016.11.28 + + + 

2016.12.03 + - - 

2016.12.09 + + + 

2016.12.14 + - - 

2106.12.20 + - + 

2016.12.25 + - - 

2106.12.31 + - + 

2017.01.05 + - - 

2017.01.11 + + + 

2017.01.22 + + + 

2017.02.02 + + + 

2017.02.13 + + + 

2017.02.24 - + + 

  2017.04.06* - + - 

* Sample was collected from the underway water supply system during the recovery of the 

RAS.	
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Effect of fixatives on DNA extraction and microbial diversity 

 

To evaluate the potential effect of HgCl2 and glutaraldehyde, used as fixatives in the RAS, on 

DNA extraction and microbial diversity analyses, we performed two tests series using seawater 

from the coastal Mediterranean Sea (Bay of Banyuls sur mer, France). The objective of the first 

series was to test whether sufficient amounts of DNA could be extracted from fixed and stored 

200 mL samples. We therefore compared three DNA extraction kits (ZYMO fungal/ bacteria 

DNA miniprep kit, QIAGEN AllPrep DNA/ RNA kit, MoBio DNeasy PowerWater kit) (Table 

S2). Surface seawater was collected with three 2-L PC carboys, each containing 1 L. One liter 

of non-fixed seawater was treated with a standard protocol, thereafter referred to as control. 200 

mL sub-samples (in 4 replicates) were immediately sequentially filtered through 0.8 µm and 

0.2 µm filters and stored at -80˚C. Seawater in the other two PC carboys were fixed either with 

HgCl2 (1% final conc.) or glutaraldehyde (25% final conc.) and stored at 4˚C in the dark for 4 

months. The fixed samples were then filtered (200 mL, in 4 replicates) through 0.8 µm and 0.2 

µm filters and stored at -80°C until DNA extraction. For each treatment (control, +HgCl2, 

+glutaraldehyde) one filter was sacrificed for the DNA extraction with a given kit. After 

comparison of the results, the MoBio DNeasy PowerWater kit was chosen for further work 

(Table S2). For a first evaluation of the quality of the sequences, we only considered 3 samples 

(< 0.8 µm fraction of the control, +HgCl2, +glutaraldehyde treatments). In the second test series, 

the same sampling, fixation and storage protocol was applied. However, using only one DNA 

extraction kit (MoBio DNeasy PowerWater kit) allowed us to obtain DNA and sequences from 

biological triplicates of each treatment.  

 

DNA extraction and sequencing preparation 

 

DNA was extracted from the 0.8 µm and 0.2 µm filters using the MoBio DNeasy PowerWater 

kit (Qiagen, Germany) following the manufacturer’s guidelines with a few modifications. The 

filters were cut into small pieces with a sterile scalpel and then transferred to the 5 ml 

PowerWater DNA bead tube. The samples were heated at 65˚C for 10min to aid the lysis of 

some organisms after adding solution PW1. The filters were placed on a vortex adapter at 

maximum speed for 10 min. According to the protocol, DNA extracts were obtained and ready 

for amplification. The V4-V5 region of the 16S rRNA gene from both fractions was amplified 

with the primer sets 515F-Y (5’-GTGYCAGCMGCCGCGGTAA) and 926-R (5’-

CCGYCAATTYMTTTRAGTTT) as described in Parada et al. (2016) with a modification to 
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the PCR amplification step. Triplicate 20µL reaction mixtures contained 2 µg DNA, 5 µl 

KAPA2G Fast HotStart ReadyMix, 0.2 µM forward primer and 0.2 µM reverse primer. Cycling 

reaction started with a 3 min heating step at 95˚C followed by 30 cycles of 95˚C for 45 s, 50˚C 

for 45 s, 68˚C for 90 s, and a final extension of 68˚C for 5 min. The presence of amplification 

products was confirmed by 1% agarose electrophoresis and triplicate reactions were pooled. 

The pooled PCR amplicons were purified using Sephadex G-50 Superfine resin (GE Healthcare 

Bio-Sciences, USA) following the protocol. It aims to desalt the samples and eliminate 

unincorporated nucleotides and excess PCR primers. 16S rRNA gene amplicons were 

sequenced with Illumina MiSeq 2 × 250 bp chemistry on one flow-cell at GeT-PlaGe platform 

(Toulouse, France). Mock community DNA (LGC standards, UK) was used as a standard for 

subsequent analyses and considered as a DNA sample for all treatments. 

 

Data analysis 

 

All samples from the sequencing run were demultiplexed by GeT-PlaGe and barcodes were 

trimmed off. Processing of sequences was performed using the DADA2 pipeline (version 1.10; 

Callahan et al., 2016) in R with following parameters: trimLeft=c(19,20), truncLen=c(240,200), 

maxN=0, maxEE=c(2,2), truncQ=2.  Briefly, the pipeline combines the following steps: 

filtering and trimming, dereplication, sample inference, chimera identification, and merging of 

paired-end reads. It provides exact amplicon sequence variants (ASVs) from sequencing data 

with one nucleotide difference instead of building operational taxonomic units (OTUs) based 

on sequence similarity. ASVs were assigned against SILVA release 132 database (Quast et al., 

2012). Singletons and sequences assigned to chloroplast and mitochondria were removed prior 

to subsequent analyses.  

 

Statistical analyses 

 

All statistical analyses were performed using R 3.4.2 version. The ASV and taxa tables were 

combined into one object using phyloseq R package (McMurdie and Holmes, 2013). Data were 

Hellinger transformed prior to the analyses based on Bray–Curtis dissimilarity (Legendre and 

Gallagher, 2001). Bray–Curtis dissimilarity matrices were generated via vegdist() function. For 

the comparison of prokaryotic ASVs and the similarity between different test treatments, 

pairwise RAS test sub-samples was combined and visualized by Anvi’o platform (Eren et al., 

2015). Nonmetric dimensional scaling (NMDS) ordinations were generated based on Bray–
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Curtis dissimilarity using monoMDS() function in the package Vegan (Oksanen et al., 2015). 

Analysis of similarity (ANOSIM) was performed to test significant differences between 

fractions in microbial communities with R. Sequences alignment was carried out using MAFFT 

algorithm web services by defaults (Katoh et al., 2017). The phylogenetic tree was constructed 

using PhyML 3.0 online programs based on maximum likelihood method and 100 bootstraps 

with HKY85 substitution model (Guindon and Gascuel, 2003). The tree was visualized with 

SeaView version 4.7 and saved as rooted tree. Heatmaps were generated using heatmap3 

package and rows were reordered corresponding to phylogenetic tree. The richness and 

Shannon indexes were examined using estimate_richness(), and evenness index was calculated 

by “Shannon/log(richness)”. Base package and the package ggplot2 were used to plot graphs.  

 

Network construction 

 

Extended local similarity analysis (eLSA) was applied to determine the potential correlations 

between prokaryotic taxa and diatoms, with time being taken into consideration. Correlations 

of co-occurrence at each time point and correlations that may be lagged in time can be found 

using eLSA with the focus on the “coexistence” of microbial taxa (Ruan et al., 2006; Xia et al., 

2011). For this analysis, 12 time points each separated by 11 days were used (Table 1). The 

prokaryotic ASVs and diatom species, each with relative abundances ≥ 1% in at least one 

sample in each data set (diatom community composition, free-living prokaryotes and particle-

attached prokaryotes) were included. Time delayed (D) positive and negative correlations with 

the setting of 0 to 2 units were examined, where 1 unit equals 11 days. Growth rates for 

prokaryotes range between 0.02-0.47 d-1 in early spring and summer at our study site 

(Obernosterer et al., 2008; Landa et al., 2016) and growth rates of major diatom species in the 

Southern Ocean vary between 0.24 to 0.62 d-1 (Timmermans et al., 2004).  
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Results 

 

Environmental context 

 

The combined data obtained by the sensors mounted on the mooring and from the analyses of 

seawater collected by the RAS provided detailed insights to seasonal changes of several 

environmental parameters (Fig. 3). The surface mixed layer was as deep as 150m in late October, 

it increased up to 100m during November and stayed at roughly 50m during the remaining 

observation period (S. Blain, personal communication). Temperature in the surface mixed layer 

was 1.7˚C in late October and steadily increased to 4.2˚C by February 24 (Fig. 3a). The 

concentration of silicic acid decreased from 20 µM to 6 µM during the first month of 

observation and a small increase (up to 8 µM) in silicic acid was detectable in late December. 

A drawdown of nitrate from 28 to 24 µM was observed over the first three weeks, and nitrate 

concentrations remained lower than this level throughout the season with a sharp decrease in 

early January (Fig. 3b). By contrast, ammonium concentrations increased from < 0.5 µM to up 

to 2 µM in late December. Satellite images revealed two consecutive phytoplankton blooms, 

the first peaking in mid November and the second in early January. Bulk diatom biomass, based 

on the biovolumes determined for each diatom species, provided a similar seasonal picture (Fig. 

S1), indicating that diatoms were dominant contributors to both blooms.  

 

Diatom community composition  

 

A total of 38 diatom taxa, most of them at the species level, were identified by microscopic 

observations (Table S1), and 21 species had a relative abundance ≥ 1% in at least one sample 

(Fig. 4). At the onset and during the first bloom, small centric diatoms such as Chaetoceros 

Hyalochaete (~50% of total diatom abundance), Thalassionema nitzschioides (~20%), 

Thalassiosira antarctica (~5%) and other small centrics (~5%) that could not be determined to 

the species level dominated. After the first bloom, Pseudo-nitzschia spp. increased in relative 

abundance and remained abundant until February 13 (range 6-43%). Major contributors to the 

second bloom were Chaetoceros Hyalochaete (~30%), Pseudo-nitzschia spp. (~35%), small 

centrics (~5%) and Corethron inerme (~5%). This latter diatom species further increased in 

abundance (up to 20 %) during the remaining season. Other diatom species that were more 

abundant during summer than spring were Guinardia cylindrus (1-14%), Proboscia alata (0.2-

2%) and Cylindrotheca closterium (0.3-14%). 
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(a) 

 
(b) 

 
Fig. 3. Temporal changes of environmental parameters (a) temperature (full black symbols), 

silicic acid (Si(OH)4) (open black symbols) and chlorophyll a (full green triangle) (b) nitrate 

(NO3
-) (full black symbols) and ammonium (NH4

+) (open black symbols). Chlorophyll a is 

derived from ocean color satellite images; the dates for chlorophyll a images are not identical 

to the sampling dates. 
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Fig. 4. Diatom community composition as determined by microscopic observations. Diatom 

taxa with a relative abundance ≥ 1% are shown. The complete list of diatom species is provided 

in Table S1.  
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Effect of fixatives on microbial diversity  

 

Based on the concentration of DNA obtained by the different extraction kits tested (Table S2), 

we chose the MoBio DNeasy PowerWater kit for all further DNA extractions. From our first 

test series 3 samples were sequenced, one sample fixed with HgCl2, one fixed with 

glutaraldehyde and one control. In a second test series, we sequenced 3 replicates of each, for 

both the free-living (< 0.8 µm fraction) and the particle-attached community (> 0.8 µm fraction). 

Because of the low number of sequences and sequencing contamination, 2 samples were 

removed from the second series, resulting in 3 and 16 samples in total. The rarefied number of 

sequences was 17 943 and 9 903 for the first and the second test series, respectively. The 

distribution of dominant prokaryotes (ASVs ≥ 1% in at least one sample) and the similarity 

between pairwise samples are shown in Fig. 5. Results from the first test revealed high 

similarity between the 3 samples (Fig. 5a). The results from the second test overall confirmed 

these results for the free-living fraction. By contrast, for the particle-attached fraction samples 

fixed by HgCl2 had higher similarity with controls than samples fixed by glutaraldehyde (Fig. 

5b). We therefore chose the samples fixed by HgCl2, with the exception of 2 dates (2017.02.13 

and 2017.02.24) for which only glutaraldehyde fixed samples were available (Table 1).  

 

(a) 

 
 

Length
GC-content
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HgCl162
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Cont162
1

0

HgCl162
1

0

Gluta162
1

0



 Chapter 2  

	 81 

(b) 

             
 

Fig. 5. Relative abundance of ASVs (illustrated in the circles) and the Bray-Curtis similarity 

between pairwise comparisons of controls, HgCl2 and glutaraldehyde fixed samples (inserted 

histograms; similarity from 0-1). A phylogenetic tree according to the maximum likelihood is 

presented in the center. Results from the first and second test series are shown in panels (a) and 

(b), respectively. Cont162 and Cont168 refer to 16S rRNA gene sequences from the free-living 

and particle-attached prokaryotes of the control samples, respectively; Gluta162 and Gluta168 

refer to 16S rRNA gene sequences from the free-living and particle-attached prokaryotes of the 

glutaraldehyde fixed samples, respectively; HgCl162 and HgCl68 refer to the 16S rRNA gene 

sequences from the free-living and particle-attached prokaryotes of the HgCl2 fixed samples, 

respectively. Numbers following each sub-sample in the second test series (b) denote the 

replicate names. 
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Composition of free-living and particle-attached prokaryotes 

 

The number of sequences obtained for all samples varied between 14 749 - 52 581. After 

subsampling to the minimum number of sequences, we obtained a total of 792 ASVs. The 

number of ASVs per date varied between 92 and 194 in the free-living and between 103 and 

240 in the particle-attached fraction. nMDS ordination analysis showed that community 

composition was significantly different between free-living and particle-attached prokaryotes 

(ANOSIM, R=0.4839, P=0.001) (Fig. 6) and that the communities of both fractions shifted over 

time. 

 

 
Fig. 6 Nonmetric multidimensional scaling (nMDS) of free-living and particle-attached 

prokaryotic communities based on Bray-Curtis dissimilarity. Triangle and square symbols 

denote free-living and particle-attached communities, respectively. The number in each symbol 

represents the elapsed in time (in days) from the first sampling date (1).  
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            (a)                                                                      (b) 

                 
 

Fig. 7 Composition of (a) free-living and (b) particle-attached prokaryotic communities at the order level. 
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     Alphaproteobacteria, Bacteroidetes, Gammaproteobacteria and Archaea were abundant in 

both size-fractions and pronounced temporal changes at the Order level could be observed (Fig. 

7). Higher relative abundances of SAR11, SAR86 and Thiomicrospirales were detected in the 

free-living fraction, while Betaproteobacteriales and Cytophagales had overall higher and more 

variable contributions to the total abundance in the particle-attached fraction. For the 

description of the seasonal dynamics of the prokaryotic communities at the ASV level, we focus 

in the following on the dominant ones (relative abundance ≥ 1% in at least one sample), detected 

at the evenly spaced 12 time points and used for the network analysis. For free-living 

prokaryotes, Alphaproteobacterial SAR11, and the Rhodobacterales Amylibacter and 

Planktomarina were dominant ASVs (Fig. 8; all 19 samples shown in Fig. S2). One ASV 

belonging to the SAR11 clade Ia was abundant (6-16% of relative abundance) throughout the 

season, with the exception of one date, just after the first bloom (2%). One Amylibacter ASV 

and several Planktomarina ASVs, both belonging to Rhodobacterales, were abundant from the 

decline of the first bloom onwards. Gammaproteobacterial SUP05 contributed with 6-17% 

throughout the season, except for one date just after the first bloom (3%). One SAR92 ASV (up 

to 11%) and two ASVs belonging to Nitrincolaceae (together up to 36%) had high abundances 

after the first bloom decreasing towards the end of the season, when SAR86 ASVs increased in 

relative abundance. Bacteroidetes consisted almost exclusively of subgroup Flavobacteriales, 

and revealed a succession among different members. ASVs belonging to NS2b, NS4 and NS9 

were the most abundant ones prior to the first bloom (together 13%) while Aurantivirga, 

Polaribacter, and Ulvibacter ASVs became dominant during the peak and decline of the first 

bloom. Cryomorphaceae ASVs were present during the different stages of second bloom and 

NS2b and Formosa ASVs increased towards the end of the season. 

 

     In the particle-attached fraction, a number of highly abundant ASVs belonged to 

Gammaproteobacteria (Fig. 9; all 19 samples shown in Fig. S3). One Cupriavidus ASV 

accounted for up to 31% of the total relative abundance at the onset of the first bloom and this 

ASV revealed an oscillating pattern throughout the season. One Pseudomonas ASV co-varied 

with Cupriavidus. One SAR92 ASV and two Nitrincolaceae ASVs had seasonal patterns similar 

to those in the free-living fraction. The SAR11, Amylibacter and Planktomarina ASVs 

determined for the free-living fraction were also present in the attached fraction, but their 

relative abundances were substantially lower (< 5%). This was also the case for Aurantivirga, 

Ulvibacter and Dokdonia ASVs belonging to Flavobacteriales.  
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Fig. 8 Heatmap of abundant prokaryotic ASVs ( ≥ 1 % of total relative abundance in at least 

one sampling date) of the free-living community. Results of 12 time points sampled at 11-day 

interval and used for the network analysis are shown. 
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Fig. 9 Heatmap of abundant prokaryotic ASVs ( ≥ 1 % of total relative abundance in at least 

one sampling date) of the particle-attached community. Results of 12 time points sampled at 

11-day interval and used for the network analysis are shown. 
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Prokaryotic Alpha-diversity  

 

Prokaryotic diversity indices showed a distinct seasonal pattern, in the free-living and particle-

attached communities (Fig. 10). The Shannon index, calculated with all ASVs, of the free-living 

community was highest prior to the first bloom and rapidly decreased during the decline of the 

bloom. Thereafter, this index steadily increased over time to reach a value in late summer 

similar to the one determined in early spring. The Shannon index of the particle-attached 

communities followed overall a similar temporal pattern, with the exception that the index was 

low prior to the first bloom. The Shannon diversity was similar for the two fractions at most 

time points, except for the two blooms. During the first and second bloom, the particle-attached 

community had respectively lower and higher Shannon diversity as compared to the free-living 

community. Richness and evenness revealed similar temporal trends in both fractions (Fig. S4). 

 

 
 

Fig. 10 Shannon index of prokaryotic communities. The solid and dashed lines represent the 

free-living and particle-attached fractions, respectively. Grey shades denote the time period of 

blooms.  
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Associations between dominant prokaryotic taxa and diatom species 

 

To investigate potential associations, we performed network analyses between diatoms and 

free-living and particle-attached prokaryotic taxa (each ≥ 1% of total abundance in at least one 

sample), based on 12 equally distant time points (Fig. 11). The network shows all detected 

correlations with the minimum absolute Spearman’s r > 0.77 (P ≤ 0.05 and Q ≤ 0.05). Our 

analysis revealed three groups of diatoms with different patterns. One group was composed of 

diatoms with higher relative abundances during the spring bloom, such as Chaetoceros 

decipiens and Thalassiosira antarctica, and these diatoms had overall only a few and mostly 

negative correlations with ASVs. Another group was composed of diatoms that were more 

abundant during summer, including the second bloom, and these diatoms had a large number 

of positive correlations with ASVs. Examples are Guinardia cylindrus and Corethron inerme 

that had the highest number of positive correlations (in total 15 and 11, respectively) with ASVs 

in the free-living and particle-attached fractions. Thalassiothrix antarctica had more correlations 

with attached prokaryotes (5) than with free-living ones (2). The third group of diatoms was 

abundant throughout the season and revealed only few (Chaetoceros Hyalochaete) or no 

correlations (Thalassionema nitzschioides and small centric spp.) with ASVs.  

 

     A subset of ASVs, comprised of 8 free-living and 7 particle-attached ASVs, revealed 

opposite correlations with the spring and summer diatom groups. The ASVs with opposite 

correlations belonged to Cryomorphaceaea, Flavobacteriaceae, Rhodobacterales and the 

SAR86 clade. One Cryomorphaceae ASV and one Sulfitobacter ASV were present both in the 

free-living and particle-attached fractions. This Cryomorphaceae detected from both fractions 

correlated with the same diatom species, while the Sulfitobacter associated to different ones. 

Several ASVs in the free-living fraction had 1-2 week time-lagged positive associations with 

diatoms from the second bloom. Examples are ASVs belonging to SAR86, Kordiimonadales, 

Flavobacteriales NS9 and Formosa. On the contrary, correlations that indicated ASVs were 

ahead of time with respect to diatoms were more abundant in the particle-attached fraction. 

These time-delayed correlations were detectable for ASVs belonging to Cryomorphaceae, to 

Rhodobacterales Ascidiaceihabitans, Magnetospira and Sphingomona. 



 Chapter 2  

	 89 

Nitrincolaceae_7

Tham_nitz

Euca_anta

Chae_deci

Chae_Hyal

Frag_sepa

Thal_anta

SAR11_II_29 OM60(NOR5)_38

Thal_grac

Guin_cyli

Rhiz_ante
Blastopirellula_42

Cyli_clos

RhodoSedi_11

Rubritalea_96

Sulfitobacter_31

NS10_39

Magnetospira_58

Ascidi_16

Cryomorphaceae_81

Cryomorphaceae_17

Flavobacteriaceae_13

Nitrosopumilus_92

NS9_105

Plank_20

Polaribacter_10

Plank_25

CL500-3_94

Nitrincolaceae_7

NAC11-7_69

Brevundimonas_41

Nitrincolaceae_1

Amylibacter_8

Polaribacter_57

CytophaCyclo_49

Odon_weis

Formosa_22

SAR116_21

Formosa_22

NS9_36

PlankTem_12

Core_iner

Thax_anta

Pseu_nitz

Prob_alat

Rhiz_chunii

Colwellia_27

SAR116_21

Loktanella_44

NS5_43

SAR86_82

NS9_79

SAR86_107

Ulvibacter_14

Cryomorphaceae_17

Sulfitobacter_31

Flavobacteriaceae_32
SAR86_33

Cryomorphaceae_60

Kordiimonadales_87

SAR86_47

Plank_26

SAR11_Ia_4

Lewinella_155

Sphing_45

SphingFlavimaris_95



 Chapter 2  

	 90 

Fig. 11 Network between dominant diatoms, free-living and particle-attached prokaryotes 

based on significant associations detected by both extended local similarity analysis (eLSA) 

and Spearman correlations with significance P-value ≤ 0.05 and Q-value ≤ 0.05 in each. Green, 

red and purple squares denote diatoms, free-living and particle-attached prokaryotic taxa, 

respectively. The solid and dashed lines represent positive and negative correlations, 

respectively. Lines with an arrow denote time-delayed correlations. Filled arrows indicate that 

the associated prokaryotic taxa are ahead of time with respect to diatoms (D > 0). Open arrows 

indicate that the associated prokaryotic taxa are behind with respect to diatoms (D < 0). Delta 

and diamond arrows indicate time-lagged correlations with a delay of 1 and 2, respectively. The 

number following each prokaryote specifies the ASVs. Abbreviations of diatoms are as follows: 

Chae_deci Chaetoceros decipiens, Chae_Hyal Chaetoceros Hyalochaete, Core_iner Corethron 

inerme, Cyli_clos Cylindrotheca closterium, Euca_anta Eucampia antarctica, Frag_sepa 

Fragilariopsis separanda, Guin_cyli Guinardia cylindrus, Odon_weis Odontella weisflogii, 

Pseu_nitz Pseudo nitzschia, Prob_alat	 Proboscia alata, Rhiz_ante Rhizosolenia antennata, 

Rhiz_chunii Rhizosolenia chunii, Thal_anta Thalassiosira antarctica, Thal_grac Thalassiosira 

gracilis, Tham_nitz Thalassionema nitzschioides, Thax_anta Thalassiothrix antarctica.  

Abbreviations of prokaryotes are: Ascidi Ascidiaceihabitans, RhodoSedi Sedimentitalea, 

CytophaCyclo Cyclobacteriaceae, Sphing Sphingomonas, Plank Planktomarina, PlankTem 

Planktomarina temperata, SphingFlavimaris Sphingorhabdus flavimaris. 
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Discussion 

 

The temporal dynamics of microbial communities ranging from time scales of days to several 

years have opened the microbial “black box” by providing insights on the potential ecological 

niches of prokaryotic taxa in a wide range of aquatic environments (e.g., Fuhrman et al., 2006; 

Alonso-Sáez et al., 2008; Lamy et al. 2009; Gilbert et al., 2012; Lambert et al., 2018). On 

seasonal time scales, spring phytoplankton blooms were shown to be major drivers of 

compositional shifts (reviewed in Buchan et al., 2014; Bunse and Pinhassi, 2017), mainly driven 

by the release of DOM originating from phytoplankton (Teeling et al., 2016). Other types of 

interactions between autotrophs and heterotrophs (Amin et al., 2012) are likely to be enhanced 

during bloom events when activity and biomass are higher than during other periods of the year 

(Gasol and Kirchman, 2018). Temperate marine environments, where most of the seasonal 

studies were carried out, are characterized by a single, often diatom-dominated spring bloom, 

and the predominance of autotrophic dinoflagellates and small sized eukaryotes during the 

remaining season (e.g., Teeling et al., 2016). Our observations of the changes in microbial 

community composition during two consecutive spring and summer phytoplankton blooms, 

each dominated by diatoms and characterized by distinct assemblages, provide a novel 

perspective. We will discuss potential ecological features of key prokaryotic taxa, independent 

of or associated to diatoms, in a naturally iron fertilized region of the Southern Ocean. 

 

     The two phytoplankton blooms differ in several aspects, with consequences on the 

associated heterotrophic microbial communities. The spring bloom is initiated by the 

stratification of the water column, allowing phytoplankton to grow under favourable light 

conditions on the large winter stock of major inorganic nutrients and iron (Blain et al., 2007). 

This bloom started in early November and extended over roughly 1 month. It was dominated 

by small (< 25 µm), fast growing diatom species such as Chaetoceros spp., Thalassionema 

nitzschioides, Thalassiosira spp. and small centric spp.. The summer bloom was induced by a 

re-supply of silicic acid, most likely due to an entrainment of deeper water (Sallée et al., 2015). 

This bloom was overall shorter in duration (2 weeks) and had its peak in early January. Large 

(> 25 µm), slow growing diatoms, such as Corethron inerme, Guinardia cylindrus, 

Thalassiothrix antarctica, and Rhizosolenia spp. were major contributors to this bloom. 

Satellite-based Chl a concentrations indicate inter-annual variability in the magnitude of 

phytoplankton biomass accumulation and in the exact timing of the blooms (Fig. S5). In 

addition, 2 consecutive blooms are not detectable each year, but they appear to become more 



 Chapter 2  

	 92 

frequent over the past years. Previous investigations during the projects KEOPS1 (January-

February 2006) and KEOPS2 (November 2011) have shown that heterotrophic prokaryotes 

markedly respond to phytoplankton blooms induced by natural iron fertilization in surface 

waters of the Kerguelen region. Prokaryotic heterotrophic production in surface waters at the 

same study site was 8-times higher during the spring phytoplankton bloom (November 2011; 

at 2 µg Chl a L-1 in the surface mixed layer) as compared to surrounding HNLC waters 

(Christaki et al., 2014). A similar enhancement of prokaryotic production was observed also 

later in the season (January-February 2006) during the declining phase of the bloom (at 1.6 to 

1 µg Chl a L-1 in the surface mixed layer) (Obernosterer et al., 2008). The supply of 

phytoplankton-derived DOM is crucial for heterotrophic prokaryotes in these waters limited by 

the availability of labile organic carbon (Obernosterer et al., 2015). The trace metal iron 

represents an additional constraint. At the onset of spring, heterotrophic prokaryotes were 

shown to be outcompeted by small diatoms for the access to this trace element (Fourquez et al., 

2015). C-limitation could render heterotrophic prokaryotes less competitive, an observation that 

is also reported for sub Antarctic waters (Fourquez et al., Submitted). In the presence of larger-

sized autotrophs this competition is alleviated resulting in an enhanced iron uptake by 

prokaryotes (Fourquez et al., 2015). This latter scenario could be the case of the second bloom. 

 

     The prokaryotic community structure, as illustrated by the Shannon index, revealed overall 

high diversity during early spring, followed by a pronounced decrease during the decline of the 

bloom. This change in the community structure could also be seen in major modifications of 

the most abundant taxa, in particular in the free-living fraction. During the onset and peak of 

the spring bloom alphaproteobacterial ASVs belonging to SAR11 and Rhodobacterales 

Sedimentitalea, gammaproteobacterial ASVs belonging to the SUP05 cluster, Pseudomonas, 

and the Cellvibrionales SAR92 clade, and the Flavobacteriales ASVs Ulvibacter and 

Aurantivirga were among the most abundant taxa (Fig. 8). During the declining phase of the 

bloom, the communities were dominated by Oceanospirillales ASV Nitrincolaceae, 

Cellvibrionales ASV SAR92, and the Flavobacteriales ASVs Polaribacter and Aurantivirga. 

The most drastic changes were the rapid decrease in the relative abundance of SUP05 and 

SAR11 and the concurrent increase in the relative abundance of Nitrincolaceae, Pseudomonas, 

SAR92 (Cellvibrionales) and Polaribacter (Flavobacteriaceae).  

 

     The high contribution of SAR11 and SUP05, accounting together for 30% of total relative 

abundance in early spring, reflects their competitiveness under nutrient-poor conditions 
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(Giovannoni, 2017; Swan et al., 2011; Rogge et al., 2017). Their oligotrophic-type life style 

rendered them key players in early spring, when both bioavailable iron and carbon were present 

at growth limiting concentrations (Obernosterer et al., 2015). SAR11 were reported to be the 

dominant contributors to prokaryotic biomass production, as determined by 3H leucine and 

MICRO-CARD-FISH (Fourquez et al., 2016). By contrast, copiotrophs rapidly increased their 

contribution to the community during the decline of the bloom. The success of these latter taxa 

is likely due to their competitiveness in the utilization of phytoplankton-derived DOM under 

conditions when the access to iron is constrained. Using a gene-specific metatranscriptomics 

approach at the same study site in spring (November 2011), Flavobacteriaceae and 

Cellvibrionaceae contributed each 10-15% to total prokaryotic siderophore uptake gene 

expression, and the contribution of Nitrincolaceae (formerly Oceanospirillaceae) was about 5% 

(Debeljak et al., 2019). Pseudomonadaceae used a different mechanism, that is Fe3+ uptake by 

ABC transporters (Debeljak et al., 2019). In addition, all groups substantially contributed to the 

expression of genes coding for bacterioferritin, a compound with a regulatory function for the 

storage and release of intracellular iron (Marchetti et al., 2009; Botebol et al., 2015; Debeljak 

et al., 2019). Based on in situ MICRO-CARD-FISH and 55Fe, Gammaproteobacteria and 

Bacteriodetes were the dominant contributors to iron uptake in spring (November 2011), with 

lower contributions by SAR11 (Fourquez et al., 2016). An efficient utilization or low 

requirements of iron by this streamlined bacterial group could explain its high relative 

abundance during the onset of the spring bloom. Taken together, these observations provide 

insights on the underlying metabolic capabilities the render these taxa competitive at the 

different bloom stages in spring. 

 

     One ASV belonging to the gammproteobacterial SUP05 cluster was another key player of 

the free-living community. SUP05 was present throughout the season, but it had particularly 

high abundances prior to the start of the bloom, and in late summer. Representatives of the 

SUP05 cluster were shown to be abundant in Antarctic coastal waters (Arctic96BD-19 clade, 

Ghiglione and Murray, 2012; Grzymski et al., 2012) and south of the Polar Front (GSO-EOSA-

1, Wilkins et al., 2013a). In the study region, one Arctic96BD-19 OTU accounted for about 10% 

to total clones at the same site as well as in HNLC waters (West et al., 2008). Metagenomic 

studies have indicated that this lineage has the potential to couple carbon fixation to the 

oxidation of reduced sulfur compounds, and also to utilize organic carbon (Swan et al., 2011). 

This potential mixotrophic life style could provide the SUP05 members with a competitive 
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advantage. In the present study, the relative abundance pattern of SUP05 paralleled that of 

SAR11.  

 

     In contrast to spring, the bloom in summer had a more subtle effect on the prokaryotic 

community composition. During the second part of the season a number of ASVs that had low 

relative abundances in spring, increased in relative abundance and remained dominant. The 

most noticeable ASVs in the free-living fraction were Rhodobacterales ASVs Amylibacter and 

Planktomarina, Cellvibrionales ASV SAR92, and Flavobacterales ASVs Aurantivirga and 

Cryomorphaceae. The high relative abundances of Planktomarina (RCA cluster), Amylibacter 

(formerly NAC11-7 lineage), SAR92 and Cryomorphaceae ASVs are coherent with 

observations carried out at the same study site from January 19 to February 13 2005 (project 

KEOPS1). Based on clone libraries and the fingerprinting method single strand conformation 

polymorphism (SSCP), Operational taxonomic units (OTUs) related to NAC11-7, SAR92 and 

the clade AGG58, belonging to Cryomorphaceae, were significantly more abundant within the 

Kerguelen bloom as compared to HNLC waters (West et al., 2008). In addition, the three 

bacterial taxa contributed substantially to leucine incorporation, with SAR92 accounting for up 

to 40% of prokaryotic biomass production in the upper 120 m water column (Obernosterer et 

al., 2011). These combined observations, separated by 10 years, suggest that these prokaryotic 

taxa play a key role in the microbial cycling of phytoplankton-derived carbon in the Southern 

Ocean.   

 

     Only a few of the ASVs with high relative abundances in the free-living fraction were also 

abundant in the particle-attached fraction (Fig. 9). These included the Flavobacterales ASV 

Aurantivirga, the Oceanospirillales ASVs Nitrincolaceae, the Cellvibrionales ASV SAR92, the 

Pseudomonadales ASV Pseudomonas and the SUP05 cluster belonging to Thiomicrospirales. 

The ASV with the highest relative abundance in the particle-attached fraction was Cupriavidus, 

an ASV belonging to Burkholderiaceae. This ASV further revealed an oscillating pattern over 

time. Members of this family were shown to be abundant in Arctic sediments, with respectively 

low concentration of organic carbon and high concentrations of iron and manganese in pore 

waters (Algora et al., 2015). Burkholderiales (e.g., Acidovorax genus) are capable of oxidizing 

iron and manganese under aerobic conditions and to reduce these elements under anaerobic 

conditions (Carlson et al., 2013; Algora et al., 2015), scenario that are both possible within 

particles considered in this study. In addition, it has been shown that freshwater strains 

taxonomically close to Cupravidus necator H16 produce the siderophore cupriachelin that is 
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structurally similar to siderophores produced by oceanic bacteria (Kreutzer et al., 2012; 

Kreutzer and Nett, 2012). These findings hint to a potential role of this abundant ASV in the 

iron cycle in the particle-sphere. A genomic approach could help investigate this question in 

more detail.  

 

     Our network analysis provided insights to the question of whether the seasonal patterns 

observed for key prokaryotic taxa were driven by their associations to diatoms. Of the most 

abundant taxa during the first bloom, only 2 ASVs were highly correlated with one diatom. 

Nitrincolaceae ASVs (formerly Oceanospirillaceae) revealed strong positive correlations with 

a 3-week time-lag following Thalassiosira antarctica, an abundant diatom of the first bloom. 

This correlation was observed for 2 different ASVs in the free-living and particle-attached 

fractions. Could this association be related to the utilization of DOM from Thalassiosira 

antarctica? In an experimental study carried out at the same study site in spring (November 

2011), OTUs belonging to Nitrincolaceae maintained similar abundances in chemostat cultures 

based on seawater alone or amended with the exudate of Chaetoceros debilis (Landa et al., 

2018). This observation could either suggest that Nitrincolaceae do not specifically respond to 

diatom-derived DOM or point to selective differences in chemical characteristics of the 

exudates from these diatoms (Biddanda and Benner, 1997; Biersmith and Benner, 1998; 

Sarmento et al., 2013). A recent study found that one genus (Neptunomonas) belonging to 

Nitrincolaceae had the highest number of connections with various small phytoplankton species 

in coastal seawaters of the Southern Ocean via network analysis (Fuentes et al., 2019), which 

indicates members of this family may be versatile degraders of phytoplankton-derived DOM. 

In addition, based on MICRO-CARD-FISH results from short-term (5h) phytoplankton-

bacteria incubations, Sarmento and Gasol (2012) have shown that gammaproteobacterial 

groups (e.g., Alteromonas and NOR5) had substantially lower contributions to the uptake of 

diatom-derived DOC (Skeletonema costatum and Chaetoceros sp.) as compared to 

Bacteriodetes. Together, these results suggest that the rapid increase of Nitrincolaceae is a 

response to the enhanced DOM supply rather than by the type of DOM (Sarmento et al., 2016).  

 

     Among the abundant summer taxa, 3 ASVs belonging to Cryomorphaceae had strong 

correlations with several diatom species that are Corethron inerme, Proboscia alata, 

Cylindrotheca closterium, Guinardia cylindrus, Pseudo-nitzschia, and Thalassiothrix 

anatarctica. Because of these multiple correlations, specific associations between these ASVs 

and one diatom species are unlikely. The Cryomorphaceae ASVs were abundant during the 
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different phases of the second bloom, a finding also reported in other studies. For example, 

O’Sullivan et al. (2004) observed different groups of Cryomorphaceae (AGG58 clusters) 

present during different phytoplankton stages. Lucas et al. (2015) detected the fluctuating 

patterns of abundant Cryomorphaceae in each of two consecutive bloom events dominated by 

dinoflagellates and diatoms respectively. These observations suggest members of 

Cryomorphaceae may not be primary degraders of complex organic matter (Bowman, 2014), 

especially if we consider the low relative abundance of this group compared to other members 

of Bacteroidetes in the present and in previous studies (Lucas et al., 2015). In addition, 

Cyomorphaceae may harbor distinct ecological niches as compared with Polaribacter during 

phytoplankton bloom conditions in terms of algal polysaccharide degradation (Teeling et al., 

2016). Polaribacter could degrade biopolymers and provide labile (small) organic substrates for 

Cryomorphaceae. This scenario could explain the successive pattern of Polaribacter and 

Cryomorphaceae observed in the present study. Further, Polaribacter was positively correlated 

with Fragilariopsis separanda, a diatom species that showed higher abundance prior to the 

summer bloom. 

 

     The highly abundant Amylibacter (formerly NAC11-7) had only one negative correlation 

with Chaetoceros decipiens, while other Rhodobacterales ASVs, each with lower relative 

abundances were positively associated with one or few specific diatoms. Particle-attached 

Sulfitobacter was positively correlated with large diatoms dominating the summer bloom such 

as Corethron inerme, Thalassiothrix antarctica and Proboscia alata. Other associations were 

Planktomarina (RCA cluster) with Pseudo-nitzschia spp. and Loktanella with Rhizosolenia 

chunii. Members of the Roseobacter-clade-affiliated (RCA) cluster commonly occur during 

phytoplankton bloom events (Teeling et al., 2012; Buchan et al., 2014; Klindworth et al., 2014; 

Teeling et al., 2016), an observation that was explained by the high functional diversity of this 

group (Brinkhoff et al., 2008; Newton et al., 2010; Luo and Moran, 2014). Furthermore, 

Sulfitobacter, Loktanella and Planktomarina temperata have all the potential for aerobic 

anoxygenic photosynthesis (AAnP) (Moran et al., 2007; Giebel et al., 2011; Boeuf et al., 2013; 

Giebel et al., 2013). Both dissolved organic matter (DOM) and light could stimulate the growth 

of AAnP bacteria (Suzuki and Béjà, 2007).  

 

 

     Our results provide support for the idea of functional diversity of Rhodobacterales, as 

illustrated by two examples. The association of Sulfitobacter-related taxa with diatom species 
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has been explored in much detail (Moran et al., 2007; Landa et al., 2019). Sulfitobacter OTUs 

were more abundant in diatom-DOM amended cultures performed at the same study site (Landa 

et al., 2018), supporting the idea that members of this group can rapidly take advantage of the 

labile DOM provided by autotrophs. Sulfitobacter can also utilize dimethylsulfoniopropionate 

(DMSP) as a sole carbon source (Curson et al., 2008) released by phytoplankton (Simó, 2001). 

Sulfitobacter has the ability to synthesize indole-3-acetonitrile (IAA) that could stimulate the 

growth of diatom species (Amin et al., 2015), leading to potentially tight interactions with 

phytoplankton (Moran et al., 2007). A different ecology seems to hold for Amylibacter. In the 

study of Landa et al. (2018), NAC11-7 (now Amylibacter) performed better in seawater alone 

as compared to the DOM-amended treatment. A more streamlined genome, as shown for one 

cultivated representative, could render some Roseobacter members more adapted to 

oligotrophic conditions (Luo et al., 2014). Amylibacter could possess these features, leading to 

high competitiveness of this ASV, in a similar manner as SAR11, throughout a large part of the 

season and independent from DOM supplied by phytoplankton.  

 

In summary, we observed different patterns in the prokaryotic response to two consecutive 

diatom blooms in the Southern Ocean. The spring bloom was dominated by small, fast-growing 

diatom cells that had only a few positive associations with prokaryotic taxa. The trace element 

iron, limiting for both autotrophic and heterotrophic microbes, could lead to a scenario where 

competition dominates the interactions. The higher number of positive associations during 

summer could be due to the slower growth of diatoms, and the partial alleviation of carbon 

limitation of prokaryotes, allowing the concurrent growth of autotrophic and heterotrophic 

microbes. This environmental context could be more favorable for interactions. Our study 

further suggests key players characterized by varying extents of dependency on phytoplankton 

blooms and its DOM supply. Taken together, our study showed the pronounced seasonal 

succession of diatoms and prokaryotes, and uncovered two distinct ecological niches for 

diatoms with specific prokaryotes associated. 
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Supplementary materials 

 
 

 
 

Fig. S1 Temporal changes of total diatom biomass estimated by average biovolume of each 
taxon. Biomass of the abundant diatom contributors (≥1% of total diatom abundance) is shown. 
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Fig. S2 Heatmap of dominant prokaryotic ASVs that account for ≥ 1 % of total relative 
abundance in at least one sampling date of the free-living community. Results of 19 time points 
are shown. 
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Fig. S3 Heatmap of dominant prokaryotic ASVs that account for ≥ 1 % of total relative 
abundance in at least one sampling date of the particle-attached community. Results of 19 time 
points are shown. 
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(a) 

 
 
(b) 

 
 

Fig. S4 Alpha-diversity indexes of prokaryotes (a) richness and (b) evenness. The solid and 
dashed lines represent free-living and particle-attached fraction respectively. Grey shades 
denote the time period of blooms. 
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Fig. S5 Annual Chlorophyll a concentrations from satellite images (provided by Mathieu 
Rembauville). Red lines represent the sampling time of different cruises. 
 
 
Table S1 Characteristics of diatoms (38 in total) observed in the present study. 

Diatom taxon Classification 
Actinocyclus curvatulus Centric diatoms 
Asteromphalus hookeri Centric diatoms 
Chaetoceros atlanticus Centric diatoms 
Chaetoceros criophilus Centric diatoms 
Chaetoceros decipiens Centric diatom 
Chaetoceros dichaeta Centric diatoms 
Chaetoceros Hyalochaete Centric diatoms 
Corethron inerme Centric diatoms 
Corethron pennatum Centric diatoms 
Cylindrotheca closterium Pennate diatoms 
Dactyliosolen antarcticus Centric diatoms 
Eucampia antarctica Centric diatoms 
Fragilariopsis kerguelensis Pennate diatoms 
Fragilariopsis separanda/rhombica Pennate diatoms 
Fragilariopsis pseudonana Pennate diatoms 
Guinardia cylindrus Centric diatoms 
Manguinea fusiformis Pennate diatoms 
Membraneis challengeri Pennate diatoms 
Navicula directa Pennate diatoms 
Nitszschia bicapitata Pennate diatoms 
Nitzschia longissima Pennate diatoms 
Odontella weisflogii Centric diatoms 
Pseudo-nitzschia spp. Pennate diatoms 
Proboscia alata Centric diatoms 
Proboscia inermis Centric diatoms 
Rhizosolenia antennata f. semispina Centric diatoms 
Rhizosolenia chunii Centric diatoms 
Rhizosolenia polydactyla Centric diatoms 
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Table S1 cont’d  
Rhizosolenia simplex Centric diatoms 
Rhizosolenia styliformis Centric diatoms 
Small centric Centric diatoms 
Thalassionema nitzschioides var. lanceolata Pennate diatoms 
Thalassionema nitzschioides Pennate diatoms 
Thalassiosira antarctica Centric diatoms 
Thalassiosira gracilis Centric diatoms 
Thalassiosira gravida Centric diatoms 
Thalassiosira lentiginosa Centric diatoms 
Thalassiothrix antarctica Pennate diatoms 

 
Note: Classification information from this link https://keys.lucidcentral.org/keys/v3/ 
australian-antarctic division/antarctic_marine_diatoms.html 
 
 
Table S2 Kits used for testing DNA extraction of 200 mL fixed seawater samples. 
 

Test kit Sample fixation Control 

 HgCl2 Glutaraldehyde  

 Free-living 
Particle-
attached Free-living 

Particle-
attached Free-living 

Particle-
attached 

 DNA concentration (ng µL-1) 
ZYMO 1.260 0.064 bd 0.019 nm nm 

QIAGEN 0.081 0.063 0.010 0.130 nm nm 
MoBio 
DNeasy 

Powerwater 0.328 0.267 0.387 0.156 0.463 0.429 
Note: bd, below detection; nm, not measured. 
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Abstract 
 
We explored the associations between dissolved organic matter (DOM) and the total and active 

prokaryotic communities in surface waters of the Southern Ocean in summer. Fourier-transform 

ion cyclotron resonance mass spectrometry (FT-ICR MS) was used for the characterization of 

DOM and prokaryotic communities were described by Illumina sequencing of the 16S rRNA 

genes (DNA) and transcripts (RNA). The composition of DOM and of total and active 

prokaryotes revealed pronounced differences between sites located on the Kerguelen plateau 

(Antarctic Zone) and across a transect in Sub Antarctic waters. Correlations between DOM 

molecular formulae and prokaryotic communities were overall stronger for sites above than off 

the plateau. In Kerguelen plateau waters, the molecular formulae that were correlated with total 

prokaryotes showed the same correlation pattern as those associated with active prokaryotes. 

Molecular formulae containing nitrogen had a higher number of positive correlations on the 

plateau than that off the plateau. We further identified key taxa by focusing on strong positive 

correlations (Spearman, r ≥ 0.7) between molecular formulae and prokaryotes. Active 

prokaryotic groups that strongly correlated with DOM were qualitatively similar in all samples, 

but quantitatively higher on the plateau. Members of Flavobacteriales were the main 

contributors to the total correlations, followed by Rhodobacterales and SAR11. Our results 

suggest that the composition of nitrogen-containing organic compounds shapes prokaryotic 

communities in Kerguelen surface waters in summer, most likely due to phytoplankton-derived 

DOM in this naturally iron-fertilized waters in the Southern Ocean.  
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Introduction 

 

Dissolved organic carbon (DOC) contributes a significant global reservoir of carbon (662 Gt C; 

Hansell et al., 2009), which is almost equal to atmospheric carbon dioxide (750 Gt C). Therefore, 

the production and the consumption of DOM significantly impact the ocean carbon cycle and 

climate. Autotrophs are the primary producers of marine dissolved organic matter (DOM). Part 

of the DOM can be consumed and remineralized by heterotrophic prokaryotes (Azam et al., 

1983). The interaction between DOM and heterotrophic prokaryotes represents one of the 

fundamental relationships in the microbial loop, which strongly affects the carbon and nutrient 

cycling, and thereby regulates the productivity and stability of aquatic food webs (Kujawinski 

et al., 2011; Zhang et al., 2018).  

 

DOM produced by autotrophs serves as growth substrate for prokaryotes by providing 

readily bioavailable substrates such as proteins (Carlson, 2002; Orsi et al., 2016), amino acid 

(Sarmento et al., 2013) and polysaccharides (Biersmith and Benner, 1998; Biddanda and 

Benner, 1997). However, a large fraction of this biologically labile pool remains 

uncharacterized (Becker et al., 2014; Landa et al., 2014; Longnecker et al., 2015). 

Phytoplankton-derived DOM was shown to induce shifts in the composition of prokaryotic 

communities, both experimentally (Luria et al., 2014; Tada et al., 2017; Landa et al., 2018) or 

during phytoplankton blooms (reviewed by Buchan et al., 2014; Bunse and Pinhassi, 2017). 

The DOM-induced changes in prokaryotic community composition imply substrate preferences 

of prokaryotic taxa with varying metabolic capabilities (Cottrell and Kirchman, 2000; Alonso-

Sáez and Gasol, 2007). In turn, DOM composition can be influenced by individual metabolic 

reactions catalyzed by prokaryotes (Alonso-Sáez et al., 2012) or be transformed by prokaryotic 

communities over time (Medeiros et al., 2017; Vorobev et al., 2018).  

 

Understanding the relationships between DOM and prokaryotes needs the identification of 

molecular and biological composition of each of these components. DOM is a highly diverse 

mixture of compounds containing up to 20 000 molecular formulas in a single sample (Riedel 

and Dittmar, 2014). The characterization of DOM in high-resolution is achievable due to 

advanced techniques. Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR 

MS) was proposed nearly 20 years ago (Kujawinski et al., 2002). This approach identifies a 

large part of the DOM components (Seidel et al., 2014) which were uncharacterized by 

traditional chromatographic methods. It has been increasingly used to characterize DOM 
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composition in diverse ecosystems, e.g., forest soils (Roth et al., 2015; Ide et al., 2017), lakes 

(Kellerman et al., 2014), rivers (Medeiros et al., 2015) and oceans (Hansman et al., 2015). 

Amplicon sequencing yields millions of reads for the identification of prokaryotes and is widely 

used for high-throughput assignments of prokaryotic taxonomy on a fine-scale phylogeny (Eren 

et al., 2015; Tikhonov et al., 2015; Callahan et al., 2016). The in situ associations between 

DOM and prokaryotes were recently investigated by combined multivariate statistics 

(Osterholz et al., 2016). Their study provided insight on the connections of molecular and 

biological information. 

 

     The objective of the present study was to investigate the associations between DOM and 

prokaryotes in different Southern Ocean provinces. Both the total and potentially active 

prokaryotic community was considered with the aim to identify differences in their respective 

associations with DOM.  
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Material and Methods 

 

Environmental context  

 

The seawater samples were collected during the Heard Earth-Ocean-Biosphere-Interactions 

(HEOBI) cruise aboard the R/V Investigator between January 8th and February 26th 2016. A 

total of 13 stations were sampled for microbial parameters and 10 of them were additionally 

sampled for DOM-characterization (Fig. 1). These 10 sites were located in major Southern 

Ocean provinces. Four stations (UW-2, UW-3, UW-11 and UW-12) were located in the 

Subantarctic Zone (SAZ), 1 station (UW-4) was located in the Polar Front Zone (PFZ) and 5 

stations were located in the Antarctic Zone (AAZ). All samples were collected at 5m depth 

using the underway seawater supply system. Seawater collection was done concurrently with 

CTD-deployments, whenever possible.       

 

                 
 

Fig. 1 Map of the cruise transect and study region of the Heard Earth-Ocean-Biosphere 

Interactions (HEOBI) cruise (January 8 to February 26 2016). Stations sampled for the present 

study are named UW-1 to UW-13. Stations highlighted by large colored dots were concurrently 

sampled for microbial parameters and DOM characteristics. Red and blue dots are samples 

considered in this chapter as “on” and “off” the Kerguelen plateau, respectively. 
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DOM extraction and FT-ICR-MS analysis 

 

Samples for DOM extraction were sequentially filtered through 0.8 µm (Polycarbonate Isopore 

filters, Nuclepore) and 0.2 µm (SuporPlus Membranes, Millipore). Solid-phase extraction was 

performed on PPL cartridges (Varian) (Agilent, Lake Forest, CA, USA) as described in Landa 

et al. (2014). Briefly, the < 0.2 µm filtrate was acidified to pH 2 with 6N HCl, and 4L of the 

acidified filtrate was then passed over one pre-treated PPL cartridge (6 mL HPLC-grade 

methanol) at a flow rate of 3 mL min-1. The PPL cartridge was then rinsed with 0.01 N HCl (36 

mM) and air-dried. The PPL cartridges were placed in methanol-rinsed aluminium foil and 

stored at 4°C until further analyses. The extracted DOM was recovered by sequential elution 

with each 10 ml methanol (HPLC grade) into combusted 20 ml glass tubes at a flow rate of < 2 

ml min−1. Elutes were dried in a Genevac Personal Evaporator (Genevac, Ipswich, UK) and 

then stored at −20°C in the dark until further analyses. We performed several blanks consisting 

of Milli-Q water that was acidified, passed through a PPL cartridge and further treated in the 

same manner as the seawater. 

 

     The molecular composition of the DOM extracts (200 mg C L−1 in methanol) was analyzed 

on a 9.4 T Fourier transform-ion cyclotron resonance mass spectrometer (FT-ICR MS) with 

electrospray ionization (ESI; negative mode) at the National ICR Users’ Facility at the National 

High Magnetic Field Laboratory (NHMFL, Florida State University, Tallahassee, FL). Sample 

processing was done as described in Vorobev et al. (2018) and Letourneau and Medeiros (2019). 

A total of 150 scans were accumulated for each sample. Each m/z spectrum was internally 

calibrated with respect to an abundant homologous alkylation series whose members differ in 

mass by integer multiples of 14.01565 Da (mass of a CH2 unit) confirmed by isotopic fine 

structure (Savory et al., 2011), achieving a mass error of < 0.4 ppm. Molecular formulae were 

assigned for masses in the range of 150 and 750 Da by applying the following restrictions: 12C1-

130 1H1-200 O1-150 14N0-4 S0-2 P0-1. Assignment of molecular formulae was performed by Kendrick 

mass defect analysis (Wu et al., 2004) with PetroOrg software (Corilo, 2015) and using the 

criteria described by Rossel et al. (2013). Only compounds with a signal-to-noise ratio of 6 or 

higher were used in the analysis to eliminate inter-sample variability based on peaks that were 

close to the limit of detection. The peak intensity of each molecular formula was normalized to 

the sum peak intensities of the total identified peaks in each sample. Repeated analysis of 

several of these samples revealed that differences in DOM composition due to instrument 

variability were substantially smaller than variability between samples.  
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Microbial community characteristics 

 

The abundance of heterotrophic and autotrophic prokaryotes and pico- and nanoeukaryotes was 

done by flow cytometric analyses on a BD FACS Canto (Marie et al., 2000; Obernosterer et al., 

2008). Prokaryotic production was estimated by [3H]leucine incorporation applying the 

centrifugation method (Smith and Azam, 1992) as described in Obernosterer et al. (2008). 

Briefly, 1.5 mL samples were incubated with a mixture of [3,4,5-3H(N)] leucine (Perkin Elmer, 

123.8 Ci mmol-1; 7 nM final concentration) and nonradioactive leucine (13 nM final 

concentration). Controls were fixed with trichloroacetic acid (TCA; Sigma) at a final 

concentration of 5%. Samples were incubated for 2-3h in the dark at in situ temperature. 

Incubations were terminated with TCA (5% final concentration). The radioactivity incorporated 

into bacterial cells was measured aboard in a HIDEX scintillation counter.  

 

Microbial community composition 

 

For the analyses of the prokaryotic community composition, three 6 L biological replicates were 

collected at each site, filtered through 60 µm nylon screens, and then through 0.8 µm 

polycarbonate filters (47-mm diameter, Nuclepore, Whatman, Sigma Aldrich, St Louis, MO). 

Cells were then concentrated on 0.2 µm Sterivex filter units (Sterivex, Millipore, EMD, 

Billerica, MA) using a peristaltic pumping system (Masterflex L/S Easy-Load II). The Sterivex 

filter units were kept at −80˚C until extraction. 

 

DNA and RNA extraction and sequencing preparation 

 

DNA and RNA were simultaneously extracted from one Sterivex filter unit using the AllPrep 

DNA/ RNA kit (Qiagen, Hiden, Germany) with the following modifications. Filter units were 

thawed and closed with a sterile pipette tip end at the outflow. Lysis buffer was added (40 mM 

EDTA, 50 mM Tris, 0.75 M sucrose) and 3 freeze and thaw cycles were performed using liquid 

nitrogen and a water bath at 65 °C. Lysozyme solution (0.2 mg ml-1 final concentration) was 

added and filter units were placed on a rotary mixer at 37°C for 45 minutes. Proteinase K (0.2 

mg ml-1 final concentration) and SDS (1% final concentration) were added and filter units were 

incubated at 55 °C with gentle agitation every 10 minutes for 1 hour. To protect the RNA, 10 

µl of β-mercaptoethanol was added to 1 ml of RLT plus buffer provided by the kit. To each 

filter unit, 1550 µl RLT plus-β-mercaptoethanol was added and inverted to mix. The lysate was 
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recovered by using a sterile 5 ml syringe and loaded in three additions onto the DNA columns 

by centrifuging at 10,000 g for 30 seconds. DNA and RNA purification were performed 

following manufacturer’s guidelines in which RNA was treated with DNase (Qiagen, Germany) 

to avoid DNA contamination after the first wash step. 

 

     RNA was converted to cDNA using SuperScript III Reverse Transcriptase according to the 

manufacturer’s instructions. Prior to reverse transcription, quality of RNA samples was 

examined by PCR test with general primer sets 341F (5’ - CCTACGGGNGGCWGCAG) and 

805R (5’- GACTACHVGGGTATCTAATCC) for the prokaryotic 16S rRNA gene, followed 

by the examination of amplification products on 1% agarose electrophoresis. Residual DNA 

was removed from RNA samples by digestion with DNase. DNA and cDNA was amplified and 

pooled as described in Parada et al. (2016) with a modification to the PCR amplification step. 

Briefly, the V4 - V5 region of the 16S rRNA gene from DNA and cDNA samples was amplified 

with the primer sets 515F-Y (5’ - GTGYCAGCMGCCGCGGTAA) and 926R (5’ - 

CCGYCAATTYMTTTRAGTTT). Triplicate 10 µl reaction mixtures contained 2 µg DNA, 5 

µl KAPA2G Fast HotStart ReadyMix, 0.2 µM forward primer and 0.2 µM reverse primer. 

Cycling reaction started with a 3min heating step at 95 °C followed by 22 cycles of 95 °C for 

45 s, 50 °C for 45 s, 68 °C for 90 s, and a final extension of 68 °C for 5 min. The presence of 

amplification products was confirmed by 1 % agarose electrophoresis and triplicate reactions 

were pooled. Each sample were added with unique paired barcodes. The Master 25 µl mixtures 

contained 1 µl PCR product, 12.5 µl KAPA2G Fast HotStart ReadyMix (Kapa Biosystems, 

USA), 0.5 µl barcode 1 and 0.5 µl barcode 2. The cycling program included a 30 s initial 

denaturation at 98°C followed by 8 cycles of 98 °C for 10 s, 60 °C for 20 s, 72 °C for 30 s, and 

a final extension of 72 °C for 2 min. 3 µl PCR product were used to check for amplification on 

1% agarose electrophoresis. The remaining 22 µl barcoded amplicon product was cleaned to 

remove unwanted dNTPs and primers by Exonuclease I and Shrimp Alkaline Phosphatase at 

37 °C, 30 min for treatment and 85 °C, 15 min to inactivate. The concentration of double-

stranded DNA was quantified by PicoGreen fluorescence assay (Life Technologies). After 

calculating the PCR product concentration of each samples, they were pooled at equal 

concentrations manually. The pooled PCR amplicons were concentrated using Wizard SV gel 

and PCR clean-up system (Promega, USA) according to the manufacturer’s protocol. 16S 

rRNA gene amplicons were sequenced with Illumina MiSeq 2 x 300 bp chemistry on one flow-

cell at Fasteris SA sequencing service (Switzerland). Mock community DNA (LGC standards, 
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UK) was used as a standard for subsequent analyses and considered as a DNA sample for all 

treatments.  

 

Data analysis of prokaryotes 

 

All samples from the same sequencing run were demultiplexed by Fasteris SA and barcodes 

were trimmed off. A total number of 3 424 946 sequences was obtained. Processing of 

sequences was performed using the DADA2 pipeline (Callahan et al., 2016; version 1.10) in R 

with following parameters: trimLeft=c(19,20), truncLen=c(240,200), maxN=0, maxEE=c(2,2), 

truncQ=2.  Briefly, the pipeline combines the following steps: filtering and trimming, 

dereplication, sample inference, chimera identification, and merging of paired-end reads 

(Callahan et al., 2016). It provides exact amplicon sequence variants (ASVs) from sequencing 

data with one nucleotide difference instead of building operational taxonomic units based on 

sequence similarity. ASVs were assigned against SILVA release 132 database (Quast et al., 

2012). Sequences assigned to chloroplast and mitochondria were removed prior to subsequent 

analyses.  

 

Statistical analyses 

 

All statistical analyses were performed using R 3.4.2 version. The ASV and taxa tables were 

combined into one object using phyloseq R package (McMurdie and Holmes, 2013). DOM and 

DNA/RNA compositional data were obtained based on FT-ICR MS and Illumina sequencing, 

respectively. For the overview of the DOM data, van Krevelen diagrams and bar charts were 

generated by basic R functions and ggplot2 package. Principal component analysis (PCA; 

provided by Patricia Medeiros using Matlab) was used to compute the contributions of the 

formulae (loadings) to the variance of DOM data. Standard deviation (std) of the loadings of 

the PCA was calculated and the formulae with loadings larger than 1 std or smaller than -1 std 

were selected. Bar plots were made to show the distinct DOM compositions between on and 

off the plateau based on the subset of DOM shown each by the type of atoms (C, N, S). For the 

overview of the prokaryotic data, dendrograms were performed using hclust() with method 

“average” in the Vegan package (Oksanen et al., 2015). Bray-Curtis dissimilarity matrices were 

generated via vegdist() function. Data were Hellinger transformed prior to the analyses based 

on Bray-Curtis dissimilarity (Legendre and Gallagher, 2001). Bray-Curtis dissimilarity was 

calculated for DOM intensity formulae and DNA relative abundances using Vegan package. 
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     For the correlation analysis between DOM and prokaryotes, 10 samples with DOM 

assignment available were included, in which 5 (UW-5 to UW-9) were considered as samples 

on the plateau and 5 (UW-2 to UW-4 and UW-11 and UW-12) were considered as samples off 

the plateau. Thus, we obtained two sub data sets (i.e., one containing samples on the plateau 

and one containing samples off the plateau) for DOM, DNA and RNA community composition 

each. Principal coordinate analysis (PCoA) was used to summarize the variation in each sub 

data set based on the first few significant axes. These axes explained the high variance of each 

data set and were selected by a broken stick model. PCoA axis 1 (78.3% of the total variation) 

for DOM on the plateau and PCoA axes 1-2 (75.1-87.6% of the total variation) for other data 

sets on and off the plateau were kept. These selected subsets of principal coordinates were fed 

into a canonical correlation analysis (CCorA) using Vegan package. The correlations between 

DOM and DNA/RNA were computed in a symmetric way. The canonical variates which are 

scores of the samples on the canonical axes from each data set were extracted from 

corresponding canonical space and correlated back to the original data sets. Van Krevelen plots 

and barplots were used to visualize the correlations between DOM and DNA/RNA, respectively. 

Key prokaryotic groups were retrieved based on strong (Spearman, r ≥ 0.7; P ≤ 0.05) positive 

correlations. 

 

 

Results and discussion 

 

Environmental context 

 

In surface waters (5m) temperature was highest in the STZ and varied between 8.8°C and 

12.3°C at stations located in the SAZ. It decreased from 6.9°C in the PFZ to 5.9°C at the 

northernmost station in the AAZ and dropped to 2.6°C at the southernmost station (Table 1). 

Chlorophyll a showed the highest concentration at station (UW-7) in the AAZ within the 

available data. Synechococcus had highest abundance at the station in the STZ and overall 

decreased towards the south with much lower abundances at stations in the AAZ. A similar 

north to south gradient was also observed for prokaryotic abundance. Abundances of pico- and 

nano-eukaryotes were highest at a station in the SAZ. Pico-eukaryotes showed the lowest 

abundance at stations in the AAZ. Nano-eukaryotes had the moderate abundance at stations in 

the AAZ and lowest abundance at station in the SAZ. 
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Table 1 Environmental and biological parameters of the stations sampled during the HEOBI cruise. Stations are listed according to zones. STZ-

Subtropical zone, SAZ-Subantarctic Zone, PFZ-Polar Frontal Zone, AAZ-Antarctic Zone.  

 

 Station Date Lat (°S) 
/Long(°E) 

Temp 
(°C) 

Chla (µg L-1)* DOC 
(µM) 

Syne (x 102 
cells mL-1) 

Pico-eukaryotes 
(x 103 cells  
mL-1) 

Nano-eukaryotes 
(x 10 3 cells mL-1) 

PA (x 105 
cells mL-1) 

PHP 
(pmol L-1 
h-1) 

STZ UW-1 12/01/2016 39.495/ 
99.386 

15.9 0.302 63 134.3 3.81 2.17 14  
34 

SAZ UW-2 14/01/2016 42.668/ 
92.476 

12.1 NA 59 112 5.69 2.26 11.9 40 

UW-3 15/01/2016 44.511/ 
88.297 

10.1 NA 54 89.6 10.4 7.04  9.64 34 

UW-11 16/02/ 2016 47.27/ 
95.439 

8.8 NA 46 57.2 3.16 5.93 9.24 170 

UW-12 18/02/2016 46.48/ 
106.9 

10.1 NA 46 84.1 4.19 1.57 10.3 21 

UW-13 19/02/2016 44.506/ 
114.246 

12.3 NA 49 22.4 5.06 2.06 10.8 35 

PFZ UW-4 17/01/2016 48.278/ 
79.371 

6.9 0.644 49 9.8 4.98 6.91 7.05 35 

AAZ UW-5 19/01/2016 50.53/ 
77.011 

5.9 0.422 47 1.1 4.71 4.43 6.17 51 

UW-6 20/01/2016 50.788/ 
75.786 

3.1 0.521 43 0.131 0.0944 2.00 3.54 19 

UW-7 21/01/2016 51.506/ 
73 

4.1 1.315 47 0.026 0.176 3.78 4.10 47 

UW-8 23/01/2016 52.927/ 
71.372 

3.3 0.840 44 0.026 0.152 2.84 4.19 16 

UW-9 01/02/2016 54.17/ 
73.658 

2.6 0.336 NA 0.157 0.38 3.19 3.90 9 

UW-10 10./02/2016 52.298/ 
76.004 

2.96 NA 40 0.026 0.115 2.01 4.73 21 
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Note: *Data from Wojtasiewicz et al. (Submitted).  

NA, not available. 

Syne - Synechococcus 

PA - Prokaryotic abundance 

PHP - Prokaryotic Heterotrophic Production 
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Fig. 2 Van Krevelen diagram of total DOM formulae of all samples pooled. The definition of 

DOM groups follows those described in Šantl-Temkiv et al. (2013) and modified by Seidel et 

al. (2014). The groups detected in the present study refer to Table 2. 

 

Table 2 Definition of DOM groups. AImod – modified aromaticity index  
 

Groups Definition 

g1 AImod > 0.66, polycyclic aromatics (PCAs) 
g2 0.5 < AImod ≤ 0.66, highly aromatic compounds 
g3 AImod ≤ 0.5 and H/C < 1.5, highly unsaturated compounds 
g4 1.5 ≤ H/C < 2.0 and N = 0, unsaturated aliphatic compounds with no N 
g6 1.5 ≤ H/C < 2.0 and N > 0, unsaturated aliphatic compounds containing N 
g7 N > 0, compounds containing N 
g8 S > 0, compounds containing S 
g9 P > 0, compounds containing P 
g10 N > 0 and S > 0, compounds containing N and S 
double.match compounds that are assigned to more than one group. In this study, it includes 

g7, g8 and g10 

not.match compounds that are not assigned to any group 

Note: We did not detect g5 in our data. AImod determined according to Koch and Dittmar 

(2006, 2016).  
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Molecular DOM composition  

 

In total, we identified 4576 DOM molecular formulae via FT-ICR MS for the 10 samples. The 

ratio of intensity-weighted molecular mass to charge was in the range of 158 to 750 Da. All 

formulae were grouped and are visualized using a van Krevelen diagram based on O/C and H/C 

ratios (Kim et al., 2003; Seidel et al., 2014) (Fig. 2 and Table 2). Highly unsaturated compounds 

(g3) were the most numerous contributors to the total DOM molecules (min-max among 

stations 84.7-92.7 %) (Fig. 3) with a wide range of O/C (0.06-0.89) and H/C (0.76-1.48) ratios. 

Unsaturated aliphatic compounds (g4 and g6) that could potentially contain unsaturated fatty 

acids (Šantl-Temkiv et al., 2013) accounted for a lower fraction of the total DOM formulae 

(sum of g4 and g6 among stations 5.5-11.6%). A substantial fraction of the DOM compounds 

fell into the formula class of CHO in all samples (on average 83%), followed by CHON and 

minor contributions from CHOS (Fig. 4). 

 

 
Fig. 3 Relative contribution of each DOM group to the total DOM data set at each site. Note 

different scales for g3 (right y-axis) and the other groups (left y-axis).  
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Fig. 4 Contribution of formula classes at each site. CHO-compounds containing C, H and O; 

CHON – compounds containing C, H, O and N; CHOS- compounds containing C, H, O and S, 

CHOSN - compounds containing C, H, O, S and N. 

 

The highly similar patterns in DOM composition based on these general features revealed by 

FT-ICR MS is consistent with previous studies across large spatial scales and depth layers (e.g., 

Hansman et al., 2015). To investigate in more detail potential differences in DOM composition 

between samples, we employed principal component analysis (PCA) to the total DOM data set. 

Samples were clearly separated in two groups (Fig. 5a). One group corresponded to samples 

collected in the AAZ above the Kerguelen plateau (UW-5 to UW-9) and one group was 

composed of samples originating from the SAZ and the PFZ (UW-2 to UW-4 and UW-11 and 

UW-12). In the following, we grouped the seawater collected in the AAZ as samples collected 

on the Kerguelen plateau, and the seawater collected in the SAZ and PFZ as off-plateau samples 

based on the first component of PCA which contributed most of the variance of DOM data (24% 

to the total variance; Fig. 5a). Samples had a smaller range of the number of C atoms in 

molecule on the plateau (10-20) than that off the plateau (~6-40) (Fig. 5b). Samples on the 

plateau were enriched in compounds with various numbers of N atoms (Fig. 5c). They were 

also enriched with compounds containing one S atom, while samples off the plateau were 

relatively enriched with compounds with zero or two S atoms (Fig. 5d). 
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Fig. 5 (a) Principal component analysis of DOM composition. Scores of the first principal 

component are shown color coded. Red and blue dots represent samples on and off the plateau 

respectively. (b-d) The fraction of formulae with C, N and S for these formulae selected by 

PCA as enriched on (red) and off (blue) the plateau.  

 

Composition of total and active prokaryotic communities 

 

 
Fig. 6 Dendrograms of (a) total and (b) active prokaryotic communities based on Bray–Curtis 

dissimilarity. 
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biological triplicates from each station were mostly clustered together (Fig. S1 and S2). One 

replicate of the total prokaryotic community of sample UW-8 and UW-11, and one replicate of 

the active prokaryotic community of sample UW-12 and UW-13 were removed because of their 

high dissimilarities. For the subsequent illustrations and analyses, the biological replicates were 

pooled separately for the DNA and RNA data sets and the mean relative abundance was 

calculated for each ASV. In total, we obtained 2 190 ASVs after removing singletons from the 

total data set. 723 ASVs were shared among the DNA and RNA data sets, with 1 323 and 1 590 

ASVs obtained from DNA and RNA samples, respectively. The total and active prokaryotes 

revealed a similar clustering (Fig. 6). Similar to the pattern of the compositional DOM data, 

samples on and off the plateau were significantly different for both the total and active 

communities (ANOSIM R 0.77, P=0.002 for DNA; ANOSIM R 0.77, P=0.001 for RNA). 

Considering only 10 samples used for DOM analyses, samples on and off the plateau were also 

significantly different for both the total and active communities (ANOSIM R 0.90, P=0.004 for 

DNA; ANOSIM R 0.88, P=0.007 for RNA). In both cases, UW-4 was clustered with the on the 

plateau samples, in contrast to DOM composition (Fig. 6).  

 

     According to ASV abundance, sample assemblages were dominated by Bacteroidetes (DNA 

44% of the sequences of all samples pooled, RNA 39%), Alphaproteobacteria (DNA 34%, 

RNA 38%) and Gammaproteobacteria (DNA 17%, RNA 17%), with Flavoabcteriales (DNA 

43%, RNA 38%), SAR11 (DNA 17%, RNA 13%)/ Rhodobacterales (DNA 13%, RNA 20%) 

and Cellvibrionales (DNA 4%, RNA 5%) as major sub-taxa respectively (Fig. 7; Fig. 8). 

Dominant ASVs (i.e., ≥ 1% of the sequences in at least sample) represented similar proportions 

of the total (DNA) and active (RNA) communities at a given site. For clarity, the following 

brief description is focused on DNA data (Fig. 7) and major differences between DNA and 

RNA is also noted. Within Bacteroidetes, dominated by Flavobacteriaceae, genera Polaribacter, 

Aurantivirga and Ulvibacter were abundant on the plateau. NS2b was relatively abundant off 

the plateau. Formosa, NS4 and NS5 were widespread in both, samples on and off the plateau. 

Within Alphaproteobacteria, SAR11 was the most abundant taxon and was present in all 

sampling stations. SAR11 Ia contributed 13 % (RNA 15 %) of the total sequences. Interestingly, 

SAR11 IV was abundant off the plateau. Planktomarina belonging to Rhodobacterales was 

dominant in samples on the plateau. AEGEAN-169 marine group belonging to Rhodospirillales 

was only abundant off the plateau. Within Gammaproteobacteria, SAR92 and SUP05 were 

abundant on the plateau. Various ASVs of SAR86 were present on and off the plateau. In 

addition, Synechococcus was also observed off the plateau and was absent on the plateau. 
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Members of NS10 marine group were abundant on the plateau of the RNA data set (Fig. 8), 

while they were absent in the DNA data set (Fig. 7). 

 

 
Fig. 7 Heatmaps of dominant prokaryotic ASVs that account for ≥ 1 % in at least one sample 

of total (DNA) prokaryotic community. 
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Fig. 8 Heatmaps of dominant prokaryotic ASVs that account for ≥ 1 % in at least one sample 

of active (RNA) prokaryotic community. 

 

 

Linking DOM composition and prokaryotic communities 

 

The correlations between DOM molecular formulae and prokaryotic ASVs were investigated 
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barycenter of each group of correlations (Fig. 9). The correlations on the plateau were overall 

stronger than those off the plateau for both total and active prokaryotic communities (Fig. 9). 

Similar DOM-prokaryote correlation patterns were found for total and active prokaryotic 

communities (Fig. 9a, c). Most of the molecular formulae with positive correlations with the 

total/active prokaryotic community have variable H/C and low-to-moderate O/C ratios, 

partially including the lipid-like and protein-like compounds, defined in g4 and g6 (Fig. 9a, c; 

Table 2; Wu et al., 2018). Slightly differences in the correlations between molecular formulae 

and total and active prokaryotic communities were observed off the plateau (Fig. 9b, d).  

 

(a)                                                                         (b) 

	         
(c)                                                                         (d)                

       
Fig. 9 Van Krevelen diagrams showing the correlations of molecular formulae (relative 

intensities) with the canonical axis associating DOM composition with DNA-based prokaryotic 

community composition (a) on the plateau and (b) off the plateau, and RNA-based prokaryotic 

community composition (c) on the plateau and (d) off the plateau. Large red and blue dots 

represent the barycenters of molecular formulae with positive and negative correlations, 

respectively. 
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On the plateau, molecular formulae with positive correlations to the total/ active prokaryotic 

community showed higher N content than that off the plateau (Fig. S2). Further, the positive 

correlations between the N containing molecular formulae and the prokaryotic communities 

appear to be separated into three layers based on the N content (Fig. S2, N/C ratio). The number 

of positive correlations with N-containing molecular formulae confirmed the visual difference 

of DOM-prokaryote correlations on and off the plateau for both total and active prokaryotic 

communities (Fig. 10). In addition, off the plateau, a higher number of positive correlations 

with N-containing molecular formulae were observed for active prokaryotic community than 

that for total prokaryotic community. By contrast, the S-containing molecular formulae showed 

a more variable pattern (Fig. S3). This suggests that N-containing compounds such as peptides 

and lipids and prokaryotes are tightly linked. Nitrogen-rich compounds likely represent recently 

synthesized molecules (Benner, 2002; Kujawinski et al., 2011), and thereby present a 

bioavailable source for prokaryotes (Kaiser and Benner, 2008).  
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(a) 

 
(b) 

 
Fig. 10 Number of positive correlations with the canonical axis associating (a) total or (b) active 

prokaryotic community composition and DOM molecular formulae containing nitrogen (N). (a) 

Pink and light blue bars represent DNA-based correlations on and off the plateau, respectively. 

(b) Red and blue bars represent RNA-based correlations on and off the plateau, respectively. 
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Fig. 11 Number of strong positive correlations (Spearman, r ≥ 0.7) with the canonical axis 

associating active prokaryotic groups (Order level) with molecular formulae. 

 

     To identify the key prokaryotic contributors to the DOM-prokaryote relationships, we 

focused on strong positive correlations (Spearman, r ≥ 0.7) between molecular formulae and 

active prokaryotic groups. Most prokaryotic groups were shared in samples on and off the 

plateau (Fig. 11). For most active prokaryotic groups, the number of correlations was overall 

higher on the plateau than that off the plateau. The highest number of correlations was 

associated with Flavobacteriales both on (51) and off (29) the plateau, followed by 

Rhodobacterales (23 on plateau and 7 off plateau). SAR11 also showed high contributions to 

the total correlations both on (22) and off (12) the plateau. By contrast, for total prokaryotic 

groups, the number of correlations was overall lower on the plateau than that off the plateau. 

Flavobacteriales, Rhodobacterales and SAR11 of the total community on the plateau had a 
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much lower number of correlations (8, 3 and 6) than those of the active community (Fig. S4). 

The access to N-containing substrates is likely to be different among these prokaryotic groups. 

Members of Flavobacteriales were shown to be efficient in the utilization of polymeric N-

containing compounds, such as proteins and chitin (Cottrell and Kirchman, 2000; Fourquez et 

al., 2016). In the present study, NS9 marine group affiliated with dissolved proteins accounted 

for high number of correlations (Fig. S5; Orsi et al., 2016).  SAR11 is known for its efficient 

utilization of labile, low molecular weight molecules in a range of marine environments 

(Alonso-Sáez and Gasol, 2007; Laghdass et al., 2012; Fourquez et al., 2016). Based on a 

metaproteomic study, transporters and enzymes for taurine uptake and degradation were shown 

to be abundant in SAR11 (Williams et al., 2012). Alteromonadales and Oceanospirillales 

belonging to Gammaproteobacteria showed a higher number of correlations on the plateau than 

that off the plateau (Fig. 11). Mou et al. (2011) found that members of Oceanospirillales could 

degrade the polyamine putrescine which represents a source of labile nitrogen to prokaryotes 

(Mou et al., 2011). SAR86 had moderate numbers of correlations, which was also active in 

DON cycling, using amino acid and protein (Nikrad et al., 2014; Orsi et al., 2016). Members 

of Synechococcales were only present off the plateau and showed strong correlations (Fig. 8; 

Fig. 11), which reflects the characteristics of their genomes containing DON transporters 

(Palenik et al., 2003; Palenik et al., 2006; Carlson, 2002). 
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Supplementary material 
 

 
Fig. S1 Dendrograms of (a) total and (b) active prokaryotic communities based on Bray–Curtis 

dissimilarity of biological replicates. Replicates were named by the number of stations followed 

by a, b and c. *, samples were removed for further analyses.  
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Fig. S2 3D Van Krevelen diagrams illustrating the correlations of molecular formulae (relative 

intensities) with the canonical axis associating DOM composition with (a) total prokaryotic 

community composition on the plateau (b) total prokaryotic community composition off the 

plateau (c) active prokaryotic community composition on the plateau and (d) active prokaryotic 

community composition off the plateau. 
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Fig. S3 Number of positive correlations with the canonical axis associating (a) total or (b) active 

prokaryotic community composition and DOM molecular formulae containing sulfur (S). (a) 

Pink and light blue bars represent DNA-based correlations on and off the plateau, respectively. 

(b) Red and blue bars represent RNA-based correlations on and off the plateau, respectively.  

 

 
Fig. S4 Number of strong positive correlations (Spearman, r ≥ 0.7) with the canonical axis 

associating total prokaryotic groups (Order level) with molecular formulae. 
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Fig. S5 Number of strong positive correlations (Spearman, r ≥ 0.7) with the canonical axis 

associating active prokaryotic groups (Family level) with molecular formulae. 
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1 Summary and general discussion 

 

The present thesis investigates the link between heterotrophic prokaryotes, diatoms and 

dissolved organic matter in the Southern Ocean. An area of particular interest is the naturally 

iron fertilized region around Kerguelen Island in otherwise High-Nutrient-Low-Chlorophyll 

(HNLC) waters. Chapter 1 and Chapter 3 provide results on the associations between the 

diversity of prokaryotes and diatoms and between prokaryotes and Dissolved Organic Matter 

(DOM) on spatial scales. Chapter 2 focuses on the seasonal dynamics of prokaryote-diatom 

associations at one site located in iron-fertilized waters above the Kerguelen plateau covering 

the entire productive seasons. 

 

     In Chapter 1, the study was conducted over a large spatial distance with most samples 

collected in the Southern Ocean. In this study, the spatial distributions of diatoms and 

prokaryotes, and potential associations between them were investigated. Environmental 

parameters and geographic distance were additionally considered to identify what factors 

determine the biogeography of heterotrophic prokaryotes. Distinct compositions of diatom and 

prokaryotic communities were observed among major ocean zones. Diatoms could explain a 

large amount of variance of prokaryotic communities, which was not the case for environmental 

parameters or geographic distance. These results led us conclude that diatoms have a major 

influence on prokaryotic community composition in the Southern Ocean in early spring.  

 

     In Chapter 2, the study was conducted at a well-known site on the Kerguelen plateau during 

4 months, to investigate the temporal dynamics of prokaryotes and diatoms, and the associations 

between them. We found pronounced temporal dynamics of prokaryotes and diatoms. During 

two consecutive bloom events, inverse correlation patterns were observed between prokaryotes 

with associated diatoms. Specific taxa were associated with each bloom and the ecology of 

these taxa was discussed in this chapter. In the discussion section below, a possible scenario of 

the microbial associations is provided. 

 

     In Chapter 3, the study was conducted in surface Kerguelen plateau waters and HNLC sites, 

aiming to uncover the associations between prokaryotes and DOM in these two contrasting 

systems. Distinct compositions of prokaryotic communities and DOM were observed. DOM 

also showed different distributions on and off the plateau. Major associations between active 
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prokaryotes and N-related molecules were found on the plateau, which suggests prokaryotes 

actively respond to DOM in this iron fertilized region.  

 

1.1 Microbial diversity in naturally iron-fertilized and HNLC Southern Ocean waters 
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(c) 

 
Fig. 1 Alpha-diversity of free-living prokaryotic communities from three chapters according to 

sampling dates. (a) Shannon index (b) Richness and (c) Evenness. The red and blue symbols 

denote samples collected on and off the Kerguelen plateau respectively. Squares, triangles and 

circles represent samples studied in Chapter 1 (SOCLIM), Chapter 2 (RAS) and Chapter 3 

(HEOBI). Note dates in different years. 

 

The results from the three chapters combined provide information on prokaryotic diversity in 

contrasted Southern Ocean regimes (Fig. 1). We found samples have overall higher diversity, 

as determined by the Shannon index, in HNLC waters as compared to those on the Kerguelen 

plateau (Fig. 1a). Similar patterns were also found in terms of richness and evenness (Fig. 1b, 

c). These results suggest that under higher organic carbon supply conditions a lower number of 

taxa accounted for the majority of total number of species abundance. This could reflect a 

competitive advantage of these groups.  
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Fig. 2 The number of positive correlations between active prokaryotes and DOM on and off the 

Kerguelen plateau. Dashed line (ratio = 1) represents that taxa on this line has the same number 

of correlations on and off the plateau. 

 

     The diatom-prokaryote associations provided insight on the identification of the major 

prokaryotic groups that have potentially responded to the DOM released by diatoms. Strong 

positive correlations were detected between small diatoms and Flavobacteriales, 

Rhodobacterales and SAR11 (Chapter 1, Fig. 5). This finding was confirmed by the analysis of 

active prokaryote-DOM associations (Chapter 3). These prokaryotic groups were detected with 

a higher number of correlations with DOM compared to other prokaryotic groups on the plateau 

(Fig. 2), followed by Oceanospirillales and Alteromonadales. Interestingly, SAR11 was found 

in both iron fertilized and HNLC regions with a higher number of correlations with DOM 

detected on the plateau. This result provides a new perspective that contrasts with previous 

findings that SAR11 was more active in less productive areas. Nitrincolaceae was the dominant 

family in the Order of Oceanospirillales on the plateau (Chapter 3, Fig. 3b). Highly significant 

time-delayed associations between Nitrincolaceae and small diatoms were also detected in 

spring on the plateau in our seasonal study (Chapter 2, Fig. 10). These consistent results suggest 

that members of this group could rapidly respond to labile DOM. Alteromonadales showed the 

largest on-off plateau difference among all abundant prokaryotic groups (Fig. 2) in terms of the 

number of correlations, which corresponds well to a previous study in which Alteromonas 
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thrived in numbers in an incubation experiment containing Chaetoceros sp.-derived DOC 

(Sarmento and Gasol, 2012). 

 

1.2 Life strategies of diverse prokaryotes in the naturally Fe-fertilized region 

 

According to the seasonal dynamics of prokaryotes, we observed several types of patterns based 

on highly abundant prokaryotes. This could reflect different life strategies of diverse 

prokaryotes in this naturally Fe-fertilized region. 

 

Type I: The ubiquitous, streamlined, iron competitive prokaryotes (k-strategists) 

 
Fig. 3 Seasonal patterns of SAR11 and SUP05 based on relative abundance. Green shade 

denotes the concentration of Chlorophyll a. 

 

     SAR11 and SUP05 are omnipresent throughout the seasons (Fig. 3). At the onset of the 

spring bloom, they could compete with small, fast-growing diatoms for iron, while they were 

outcompeted by other copiotrophic prokaryotes during the late stage of this bloom. SAR11 is a 

well-known streamlined oligotrophic organism. SUP05 has been recently proposed as 

streamlined following the definition of streaming theory (Rogge et al., 2017). They can 

successfully grow in environments with low nutrient concentrations. Members of the SUP05 

were also shown to be chemolithotrophic (Shah et al., 2017). In the first chapter, we also 
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observed the co-occurrence pattern of SAR11 and SUP05 in the HNLC region (off the plateau) 

(Chapter 1, Fig. S2), which suggests the co-occurrence of SAR11 and SUP05 could be a 

widespread pattern in different ocean systems, an idea also proposed by other studies (Rogge 

et al., 2017).  

 

Type II: The primary colonizers in the spring bloom decay stage (r-strategists) 

 
Fig. 4 Seasonal patterns of Polaribacter and Nitrincolaceae based on relative abundance. 

Green shade denotes the concentration of Chlorophyll a. 

 

     Polaribacter and Nitrincolaceae thrived in the late stage of the spring bloom and quickly 

decreased in abundance (Fig. 4). This suggests that both of them are possible utilizers of labile 

DOM in the post-spring bloom when the competition for Fe with small diatoms is reduced. 

Polaribacter is a metabolic versatile organism. It can utilize complex organic matter as primary 

degrader and was previously detected in a spring bloom decay stage (Gonzálea et al., 2008; 

Landa et al., 2016). Given the similar seasonal pattern compared with Polaribacter, members 

of Nitrincolaceae could also be versatile. This idea was supported by a network analysis in 

which one genera of this group had a number of correlations with diverse small phytoplankton 

in the Southern Ocean (Fuentes et al., 2019). Additionally, both Polaribacter and Nitrincolaceae 

were almost absent in the summer bloom dominated by large diatoms, which suggests that 

members of the two groups have a specific ecological niche. It was interesting to note that these 

Oct Nov Dec Jan Feb Mar
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two groups had discriminable associations with distinct diatom species in the same habitat 

(Chapter 2, Fig. 10). 

 

Type III: Persistent response to moderate supply of phytoplankton DOM 

 

 
Fig. 5 Seasonal patterns of Amylibacter and Aurantivirga based on relative abundance. Green 

shade denotes the concentration of Chlorophyll a. 

 

     Amylibacter and Aurantivirga started being abundant at the very late stage of the spring 

bloom and dominated in the summer bloom (Fig. 5). This type of seasonal pattern, different 

from the two described above, could reflect a different life strategy. These taxa seem to 

stimulated by the bloom, but they are not as competitive as type II taxa to grow on labile DOM. 

We hypothesis that the slower increase in relative abundance of type III prokaryotes could be 

due to their utilization of more complex DOM. Their co-occurrence could be explained by their 

respective substrate specificity. During summer, large, slow-growing diatoms provided a less 

competitive habitat for prokaryotes in which they could directly utilize labile DOM. The similar 

contributions of type I and type III prokaryotes to total abundance in summer suggest positive 

interactions to be more important than in spring. 

 

Oct Nov Dec Jan Feb Mar
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1.3 A possible scenario of microbial associations over time in a naturally iron-fertilized 

region 

 

According to the microbial seasonal dynamics and associations between diatoms and 

prokaryotes (Chapter 2, Fig. 8-10), we provided a possible scenario for the temporal changes 

of microbes in naturally iron fertilized systems. A conceptual scheme for this seasonal change 

in terms of bulk diatoms and zooplankton at the same study area has been proposed (Quéguiner, 

2012). Here we introduce prokaryotes at a fine phylogenetic level to this scheme, aiming to 

provide a new perspective for future research (Fig. 6).  

 

     In early spring, the increase in available light and in the inorganic nutrients induces the 

development of small diatoms with high growth rates and light silicification (e.g., Chaetoceros 

sp.). These diatom assemblages are largely affected by iron availability. This group of diatoms 

provides an ecological niche in which only a small set of prokaryotes with strong competition 

for iron can rapidly grow (e.g., SAR11 and SUP05). The decrease of the spring bloom is likely 

due to the nutrient limitation and prokaryotic degradation (Quéguiner, 2012). In this stage, the 

drawdown of diatoms alleviates the iron competition and the accumulated organic matter 

benefits the rapid growth of copiotrophic prokaryotes (e.g., Polaribacter). In parallel, organic 

matter in the form of diatoms support the growth of zooplankton, therefore carbon biomass is 

transferred into higher tropical levels. 
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Fig. 6   A possible scenario of microbial associations over time in a naturally iron-fertilized region. Pink and purple shades represent free-living 

and particle-attached prokaryotes respectively. *, taxa were not detected in the association network (Chapter 2, Fig. 10)

Fe

Inorganic	
nutrients

DOM

zooplankton
nanoflagellate

Small	fast-growing	diatoms
Chaetoceros,	Thalassiosira

Large	slow-growing	diatoms
Corethron,	Guinardia,	Rhizosolenia

NH4
+Si(OH)4

NO3
-

virus

zooplankton
nanoflagellate

virus

16.10.25 16.11.06 16.11.17 16.11.28 16.12.09 16.12.20 16.12.31 17.01.11 17.01.22 17.02.02 17.02.13 17.02.24

Alpha-
proteobacteria

Gamma-
proteobacteria

Bacteroidetes NS9

Nitrincolaceae

Polaribacter

SAR11_II

Cryomorphaceae

SAR86

Kordiimonadales

Planktomarina
Sulfitobacter

Flavobacteriaceae

Rhodobacterales_Ascidiaceihabitans
Magnetospira

NS10

NS9 Formosa

SAR116

Cytophagales
Sphingomonas

NS5

Ulvibacter

Loktanella

Colwellia

CO2CO2

Nitrincolaceae

Cryomorphaceae

Sulfitobacter

Flavobacteriaceae

Flavobacteriaceae

Formosa

SAR116

NS5

Colwellia

Summer	bloomSpring	bloom

SAR11_Ia*

SUP05*

Amylibacter*

Aurantivirga*



 General discussion and perspectives   

 148 

In summer, diatoms are composed of large, slow-growing, heavily silicified species (e.g., 

Corethron sp.). These diatoms are less competitive for iron compared with those smaller ones 

(Fourquez et al., 2015). They provide a relatively relaxed ecological niche for the growth of 

diverse prokaryotes. On the one hand, larger diatoms exude organic compounds further away 

from the cell surface than smaller diatoms (i.e., phycosphere; Amin et al., 2012). The larger 

phycosphere impacts a higher number of prokaryotes and reduce the competition in terms of 

space. On the other hand, larger cells provide better loci for prokaryote attachment. For example, 

we detected a higher number of prokaryotes from particle-attached fraction in summer than in 

spring. In addition, zooplankton control is less important than in the first bloom, because of the 

defense mechanisms of highly silicified diatoms. This suggests that this group of diatoms is 

likely persistent over a long-time period, which benefits the long-term association between 

prokaryotes and diatoms (e.g., Cryomorphaceae).  

 

 

2 Perspectives 

 

We describe in this thesis results related to microbial diversity and dissolved organic matter in 

a naturally iron fertilized region and in surrounding HNLC waters in the Southern Ocean. We 

specifically answered several questions proposed in the general introduction. We will provide 

several insights for future research. 

 

     Microbial associations are the major drivers of the changing composition of prokaryotic 

communities, which needs more attention in future ecological studies. In Chapter 1, we found 

diatoms rather than environmental conditions or geographic distance to influence the 

biogeography of heterotrophic prokaryotes. This finding extends the traditional view that 

geography and inorganic nutrients are the major factors of shifts in prokaryotic community 

composition. The interactions among microbes impact the prokaryotic diversity and 

biogeographic patterns, and require future exploration in microbial ecology.  

 

     From the temporal dynamics of the seasonal study, we present several potential life 

strategies of a few prokaryotic groups (Fig. 3-5). Experimental co-culture work could help 

better understand the role of DOM supply. For example, one could search whether SAR11 and 

SUP05 co-exist in the lab using chemostats, which will be a challenge considering the difficulty 
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of SAR11 cultivation. Other temporal studies could also be explored to extend the prokaryotic 

groups using different life strategies.  

 

     Our work highlights a number of potential novel diatom-prokaryote associations, which all 

need to be confirmed in the laboratory. One of the most important role of in situ microbial 

association analysis is to predict the potential interaction between microbes. In Chapter 2, we 

detected the two blooms have specific prokaryotes associated with. However, the discovery of 

the underlying mechanism of each correlation requires culture work, integrating data on 

functional genes, transcripts and proteins. Further exploration of several questions is needed. 

For example, how Corethron inerme and Sulfitobacter are correlated together? Is this based on 

a “mutualistic” relationship in which both benefit from each other or on “commensalism” in 

which one benefits while the other is not affected? In addition, it would be also interesting to 

investigate the gene expression of one species in different habitats, since we found the same 

prokaryotic species (e.g., Sulfitobacter sp.) are associated with distinct diatoms.  

 

     Several prokaryotic groups actively respond to a subset of DOM molecules (Chapter 3). This 

preliminary result needs more detailed exploration with the advanced techniques in the future. 

For example, the current characterization of DOM compounds is based on molecular mass, 

although the resolution of DOM analysis is already improved by FT-ICR MS. Those 

compounds classified by molecular formulae are unambiguous, which actually refer to a 

mixture of isomers and not necessarily indicate the presence of a structural or functional group. 

Therefore, more advanced techniques are needed to reduce the ambiguity of DOM classification. 

On the prokaryote’s side, amplicon sequencing data are helpful for identifying the potential key 

groups responding to DOM. However, to answer the question of how and to what extent they 

respond to changing DOM, ‘Omics’ data, such as metatranscriptomics and metaproteomics are 

required. 
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Appendix. 1 

Microbial diversity and activity in the Southern Ocean 

(Table 2 of Introduction) 
Study Regions Methods Notes Reference 

Agulhas/Benguela 
Boundary 

FISH Different community structure and temperature optima of heterotrophic 
prokaryotes in various regions 

Simon et al., 1999 

Agulhas/Benguela 
Boundary 

DGGE and FISH The global distribution of RCA cluster Selje et al., 2004 

Agulhas/Benguela 
Boundary 

DGGE 
 

Distinct bacterial communities in oceanic regions and the distribution of 
SAR11 and Roseobacter clades in pelagic marine systems 

Giebel et al., 2009 

Amundsen Sea  454 pyrosequencing Different environmental conditions and selection mechanisms controlling 
surface and deep ocean community structure and diversity 

Ghiglione et al., 2012 

Amundsen Sea 454 pyrosequencing The overall vertical trends in the composition of bacterial community in the 
polynya centre, which were distinct from those of the sea ice stations 

Kim et al., 2014 

Antarctic Peninsula Specific primer 
cloning  

The microdiversity of SAR11 and archaeal marine Group I at depths García-Martínez and 
Rodríguez-Valera, 2000  

Antarctic Peninsula FISH Bacterial diversity and communities in Antarctic pack ice; 
Alphaproteobacteria, Gammaproteobacteria and cytophaga-Flavobacterium 
were dominant groups 

Brinkmeyer et al., 2003 
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Antarctic Peninsula FISH  Planktonic Crenarchaeota and bacteria were both temporally and spatially 
variable in the WAP 

Church et al., 2003 

Antarctic Peninsula Genomics Genomes from six Antarctic planktonic bacteria indicated their cold 
adaptation in the permanently subzero waters 

Grzymski et al., 2006 

Antarctic Peninsula Genomics Flavobacteria species, for example Polaribacter, and Gammaproterobacteria 
dominated in Antarctic cold waters 

Murray and Grzymski, 
2007 

Antarctic Peninsula FISH Abundance and single-cell activity of bacterial groups; The fractions of 
SAR11, Polaribacter, and Ant4D3 that were active differed from each other 
and varied among substrates 

Straza et al., 2010 

Antarctic Peninsula DGGE and 16S 
rRNA clone library 

A shift of bacterial groups from Alphaproteobacteria and 
Gammaproteobacteria to Cytophaga-Flavobacterium-Bacteroides during and 
after summertime melt water stratification 

Piquet et al., 2011 

Antarctic Peninsula DGGE, CE-SSCP 
and tag 
pyrosequencing 

A strong seasonal pattern with higher richness in winter and a clear influence 
of phytoplankton bloom events on bacterial community structure and 
diversity 

Ghiglione and Murray, 
2012 

Antarctic Peninsula Metagenomics First study using metagenomics to identify seasonal shifts in Southern Ocean 
communities, highlighting the role of chemolithoautotrophic microorganisms 
in fixing CO2 in winter 

Grzymski et al., 2012 

Antarctic Peninsula Metaproteomics A metaproteomic assessment of winter and summer bacteria in coastal 
surface waters 

Williams et al., 2012 

Antarctic Peninsula Metagenomics Global biogeography of SAR11 Brown et al., 2012 

Antarctic Peninsula 454 pyrosequencing The spatial variability in microbial community composition is relatively low 
(i.e., no significant north−south differences in community structure) 

Luria et al., 2014 
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Antarctic Peninsula 454 pyrosequencing Similar patterns of bacterial communities between two coves in surface 
waters 

Zeng et al., 2014 

Antarctic Peninsula DGGE and 16S 
rRNA gene 
amplicon sequencing 

The shift of bacterial community composition governed by meltwater-related 
surface stratification and nutrient availability 

Rozema et al., 2016 

Antarctic Peninsula 16S rRNA gene 
amplicon sequencing 

Clearly demonstrated the temporal relationship between phytoplankton 
blooms and seasonal succession in bacterial growth and community 
composition 

Luria et al., 2016 

Antarctic Peninsula Metagenoics and 
metatranscriptomics 

Similar bacterial community composition during two contrasting summer 
periods (Feb. and Mar.); Major bacterial groups did not show variation in C-
assimilation between distinct Chlorophyll a periods, while they were more 
active in N-assimilation at higher Chlorophyll a level 

Alcamán-Arias et al., 
2018 

Antarctic Peninsula 16S rRNA gene 
amplicon sequencing  

Bacterial communities during low and high productivity scenarios in two 
consecutive summers 

Fuentes et al., 2019 

(near) Antarctic 
Peninsula 

DGGE Significant shifts in bacterial and archaeal communities on spatial and 
temporal scales 

Murray et al., 1998 

(near) Antarctic 
Peninsula 

DGGE Widespread distribution in polar oceans of the ammonia oxidizing bacteria Hollibaugh et al., 2002 

Atlantic Sector T-RFLP Bacterial abundance and production increased after iron fertilization, while 
no major changes of bacterial community composition in response to Fe 
fertilization  

Arrieta et al., 2004 

Atlantic Sector DGGE 
 

Distinct bacterial communities in oceanic regions and the distribution of 
SAR11 and Roseobacter clades in pelagic marine systems 

Giebel et al. 2009 
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Atlantic Sector 454 pyrosequencing 
and CARD-FISH 

Algal exudates and decaying algal biomass resulted in a dynamic bacterial 
succession of distinct genera  

Thiele et al., 2012 

Atlantic Sector 16S rRNA clone 
library 

This study identified three unique phylogenetic clusters which were not 
detected in any other iron fertilization studies. These clusters had different 
relative abundances in response to iron addition 

Singh et al., 2015 

Australian Sector 
 

FISH and DGGE Flavobacteria was significantly higher in PFZ and AAZ water samples than 
STZ and SAZ waters 

Abell and Bowman, 
2005a 

Australian Sector FISH and DGGE Colonization and community dynamics of Flavobacteria on diatom detritus 
based on Southern Ocean seawater 

Abell and Bowman, 
2005b 

Australian Sector Metagenomics Biogeographic partitioning of the Southern Ocean Wilkins et al., 2013 

Australian Sector Metagenomics and 
metaproteomics 

The role of Flavobacteria in processing algal organic matter in coastal east 
Antarctica 

Williams et al., 2013 

Australian Sector Tag pyrosequencing 
technology 

Distinct taxonomic profiles in different water masses; Advection shaped the 
composition of prokaryotic communities independent of distance and 
environmental selection 

Wilkins et al., 2013 

Drake Passage 16S rRNA gene 
clone library 
sequencing 

Diversity of free-living prokaryotes from a deep-sea site (3000 m) at the 
Antarctic Polar Front 

López-García et al., 
2001 

Drake Passage 
 

DGGE Bacteria were abundant and active in the mesopelagic layer, and could 
mediate significant carbon flux 

Manganelli et al., 2009 

Indian sector FISH Growth and distribution patterns of Roseobacter/Rhodobacter, SAR11, and 
Bacteroidetes along two transects 

Tada et al., 2013 
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Kerguelen plateau  CE-SSCP 
fingerprinting and 
16S clone library 

16S rDNA and 16S rRNA reveal contrasting bacterial diversity and activity 
inside and outside of a natural iron-fertilized phytoplankton bloom 

West et al., 2008 

Kerguelen plateau  MICRO-CARD-
FISH 

Distinct bacterial groups contribute to carbon cycling during a natural iron-
fertilized phytoplankton bloom 

Obernosterer et al., 
2011 

Kerguelen plateau  DGGE, CE-SSCP 
and tag 
pyrosequencing 

A strong seasonal pattern with higher richness in winter and a clear influence 
of phytoplankton bloom events on bacterial community structure and 
diversity 

Ghiglione and Murray, 
2012 

Kerguelen plateau  454 pyrosequencing Different environmental conditions and selection mechanisms controlling 
surface and deep ocean community structure and diversity 

Ghiglione et al., 2012 

Kerguelen plateau  454 pyrosequencing Different bloom stations formed distinct bacterial communities and DOM 
shaped bacterial communities 

Landa et al., 2016 

Kerguelen plateau  16S rRNA gene 
amplicon sequencing 

High contribution of SAR11 to bacterial community composition and 
activity in spring blooms 

Dinasquet et al., 2019 

Ross Sea DGGE Widespread distribution in polar oceans of the ammonia oxidizing bacteria Hollibaugh et al., 2002 

Ross sea 16S rDNA and 
rRNA clone library 

16S rDNA and 16S rRNA showed the evident divergences between bacterial 
diversity and activity at each site  

Gentile et al., 2006 

Ross Sea 16S amplicon 
sequencing 

The first findings of aerobic anoxygenic phototrophs (AAnPs) in Antarctic 
sea ice and seawater 

Koh et al., 2011 

Ross sea FISH  Bacteroidetes was equally dominant with the Actinobacteria and 
Gammaproteobacteria during the decay of sea ice 

Lo Giudice et al., 2012 

Ross Sea 454 pyrosequencing Different environmental conditions and selection mechanisms controlling 
surface and deep ocean community structure and diversity 

Ghiglione et al., 2012 
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(near) Ross Sea 16S rRNA gene 
clone library 

Archaeal diversity in Antarctic sea ice Cowie et al., 2011 

(near) Ross Sea 16S rDNA and 
rRNA amplicon 
sequencing 

Proteorhodopsin-containing bacteria in Antarctic sea ice, generating from 
genomic DNA and cDNA transcripts of Alphaterobacteria, 
Gammaproteobacteria and Flavobacteria 

Koh et al., 2010 

Scotia Sea Specific primer 
cloning  

The diversity of both SAR11 and archaeal marine Group I showed 
significant shifts from deep samples to some surface clones 

García-Martínez and 
Rodríguez-Valera, 2000  

Scotia Sea CARD-FISH Bacterial community composition along eight zig-zag transects Topping et al., 2006 

Scotia Sea 16S rRNA gene 
clone library 

Bacterial biomass, activity and community structure in the vicinity of 
Antarctic icebergs 

Murray et al., 2010 

Scotia Sea 
 

FISH, 16S rRNA 
clone library 

Bacterial communities in seven spatially separated samples Jamieson et al. 2012 

Scotia Sea Metagenomics Global biogeography of SAR11 Brown et al., 2012 

Weddell Sea DGGE and FISH The global distribution of RCA cluster Selje et al., 2004 

Weddell Sea Primers specific 
cloning  

The diversity of both SAR11 and archaeal marine Group I showed 
significant shifts from deep samples to some surface clones 

García-Martínez and 
Rodríguez-Valera, 2000  

Weddell Sea 16S rRNA gene 
clone library 

Bacterial biomass, activity and community structure in the vicinity of 
Antarctic icebergs 

Murray et al., 2010 

Weddell Sea Metagenomics Global biogeography of SAR11 Brown et al., 2012 

Note studies located in several regions.
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Executive Summary 

 

Characterizing the prokaryotic diversity in the global ocean is still a challenge to address, 

especially to understand its relationship with the ecosystemic processes. The Southern Ocean (SO) 

is the most extended high-nutrient low-chlorophyll (HNLC) region in the global ocean, in which 

the biological productivity is limited by iron, however, in the vicinity of the Kerguelen Islands, an 

annual bloom takes place due to natural iron fertilization, being natural laboratory to understand 

the nutrient cycling in the SO. The present Master Thesis is part of the large multidisciplinary 

project MOBYDICK that aims to better understand the biological carbon pump considering end-

to-end marine food webs, and linking biodiversity to biogeochemical fluxes in this region.   

An oceanographic cruise was carried out in late Austral summer in 2018 to the Kerguelen region, 

where contrasting ecosystems were sampled at all trophic levels (from prokaryotes to top 

predators). In this framework, the main aim of this Master Thesis is to describe the composition 

of the total and active free-living and particle-attached prokaryotic community at contrasting sites, 

via next generation sequencing (Illumina) of the 16S rRNA gene.  

It is provided a detailed description of the prokaryotic communities in the free- living and particle-

attached size fractions. The prokaryotic communities showed to be constrained by the depth layer 

along the water column, especially for the free living fraction. In the case of the particle attached 

fraction, the connectivity between the depth layers in the water column is higher due to particle 

sinking. Above the surface mixed layer (SML), the prokaryotic communities showed to be 

different at the Stations off (M1, M3, M4) and on the plateau (M2), highlighting lower diversity 

on the plateau, and different composition of the community, predominantly by Flavobacteriales 

contributing with 50% of the relative abundance on the plateau. The alpha diversity for the particle 

attached fraction did not differ among sites, however, the overall alpha diversity of this size 

fraction was lower than that for the free living.  

The most abundant members of the community that significantly contributed to the difference 

between sites, were mainly Aurantvirga and Ulvibacter on the plateau, and Formosa off plateau, 

normally associated to diatom-dominated blooms due to their metabolic capabilities to utilize 

polymers in high nutrient-conditions. Compared to the abundant groups, other groups such as 

Cellvibrionalles and SAR11 showed contribution to the differences among contrasting ecosystems 

with relatively lower abundance in the community composition.  
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Abstract  

In the Kerguelen Region (Southern Ocean), there are two contrasting regimes in terms of 

productivity and carbon export: an iron fertilized area which produces annual blooms on the 

plateau, and high-nutrient-low-chlorophyll (HNLC) off the plateau. The total (DNA) and active 

(RNA) free-living and particle-attached prokaryotic communities, were described during the late 

Austral summer. Depth was a constraining factor, especially for free living prokaryotic 

communities. Above the surface mixed layer, prokaryotic communities on and off the plateau were 

different (ANOSIM p<0.05) with an overall lower diversity on plateau in comparison to off 

plateau. The community was dominated by Flavobacteriales on plateau (>50% relative 

abundance). The particle attached fraction showed lower alpha diversity compared to the free 

living one, in all sites. Main taxa contributing to the differences between regimes (SIMPER 

p<0.05) belongs to Flavobacteriales such as Aurantvirga and Ulvibacter on plateau, and Formosa 

off plateau. Cellvibrionalles and SAR11 also contributed to the differences between the two 

contrasting regimes. Overall, community composition changed among stations at both fractions, 

being more diverse in the free living one.  Dominant groups as Flavobacteriales, could reflect the 

advantage over other community members, probably due to their polymer degradation capabilities. 

II 
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1. Introduction & Aims 

1.1 Prokaryotic diversity in the oceans  

Microorganisms play a key role in several global processes, such as the maintenance of ecosystem 

functioning, or the biogeochemical cycling of nutrients (Falkowski et al., 2008). Prokaryotes are 

especially abundant in the ocean and it is estimated that the majority remain unknown, due to the 

difficulties in obtaining culturable strains (Hugenholtz, 2002; Curtis et al., 2006). In the last few 

decades, the majority of studies regarding microbial diversity have been conducted on PCR-based 

and culture-independent methods (Biers et al., 2009; Yooseph et al., 2010).  

Nowadays, the use of culture-independent high-throughput sequencing of 16S rRNA genes has 

facilitated studies which explore the microbial composition and dynamics in several environments 

(Kim et al., 2017). Next generation sequencing (NGS), has particularly become an extremely 

useful tool in order to describe with high resolution the microbial biodiversity (López-Pérez et al., 

2016).  

Aiming to complete the general understanding of the prokaryotic diversity in the global ocean and 

its contribution as key players in different regions, major sampling and analysis efforts have taken 

place in the last decades (Rusch et al., 2007; Sunagawa et al., 2015; Salazar et al., 2016; Mestre 

et al., 2018). The high latitudes regions, however, especially the Southern Ocean, have been less 

studied due to the logistic difficulties of working there, but are of increasing interest due to their 

ecological importance and susceptibility in the frame of the global change (Biers et al., 2009; 

Wilkins et al., 2013).  

1.2. Southern Ocean and MOBYDICK cruise 

The Southern Ocean is a key area to understand the global carbon cycle, due to several processes 

taking place there, including the permanent upwelling around Antarctica which transports 

refractory dissolved organic matter (DOM) to the surface, and concurrent low primary production 

due to iron limitation (Wilkins et al., 2013b). The Southern Ocean, has been characterized as the 

largest HNLC region within the global ocean (Landa et al., 2018) and several studies in the area 

have revealed that the low biological productivity, despite the availability of nutrients, is 

principally determined by the impact of iron limitation on phytoplankton growth (Blain et al., 

2008; Singh et al., 2015)  

These conditions generate unique physico-chemical properties that enable high levels of microbial 

primary production to occur, which consequently impacts prokaryotic diversity and adapts their 

metabolisms (Wilkins et al., 2013; Landa et al., 2016, 2018). it has been studied the response of 

prokaryotic communities in the Southern Ocean to iron fertilization experiments, mainly through 

bulk parameters (Arrieta et al., 2004), and in some cases also focusing in the composition of the 

communities (Thiele et al., 2012; Singh et al., 2015). These studies did not show differences before 
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and after the iron fertilization, however, differences in bacterial abundance, production and also 

succession in the prokaryotic communities have been observed in relation to phytoplankton 

blooms induced by natural iron fertilization (West et al., 2008; Landa et al., 2016; Liu et al., 2019). 

The Kerguelen Plateau, in the Indian sector of the Southern Ocean, is registered as a site where an 

annual massive phytoplankton bloom takes place due to natural iron fertilization processes 

(Armand et al., 2008; Blain et al., 2008; Mongin et al., 2008; Jouandet et al., 2014). The 

phytoplankton bloom induced by iron fertilization in this region can last for months a difference 

to the blooms induced by mesoscale iron fertilization, who typically last a few weeks (West et al., 

2008).  

In the context of the carbon limited conditions in the Southern Ocean, the DOM and exudates 

produced by the phytoplankton during the bloom, might act as a selective pressure, affecting the 

prokaryotic abundance, activity and shaping the community composition (Singh et al., 2015; 

Landa et al., 2018; Liu et al., 2019). It is suggested that he most adapted members to use the 

available organic matter or algal polymers will dominate, occupying the series of ecological niches 

provided by the availability of different algal products (Teeling et al., 2012; Singh et al., 2015; 

Liu et al., 2019).  

One of the current challenges in this frame, is to understand how the prokaryotic diversity is 

involved with the turnover of the organic carbon available (Landa et al., 2016), and the consequent 

interactions with higher trophic levels. The present Master Thesis is part of the large 

multidisciplinary project MOBYDICK – Marine Ecosystem Biodiversity and Dynamics of Carbon 

around Kerguelen: an integrated view (2017-2022). The main objective of MOBYDICK is to 

better understand the biological carbon pump by (i) considering end-to-end marine food webs, and 

(ii) linking biodiversity to biogeochemical fluxes. To address this objective, an oceanographic 

cruise was carried out from February 18 to March 27 2018 to the Kerguelen region, where 

contrasting ecosystems were sampled at all trophic levels (from prokaryotes to top predators).  

The principal objective of this Master thesis project is to describe the diversity of the total and 

active, free-living (<0.8 μm) and particle-attached (>0.8 μm) prokaryotic community at sites 

characterized by contrasting conditions in terms of productivity and carbon export. We also aimed 

to describe the prokaryotic community composition and to determine the members of the 

community that contribute to the differences between sites. 

In comparison to previous studies carried out in the region of the Kerguelen Plateau, the 

MOBYDICK-cruise took place during the late Austral summer. The observations reported here, 

therefore, refer to the post-bloom phase, while the onset, peak and declining phases of early spring 

phytoplankton blooms had been investigated previously (KEOPS1&2). 
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2. Material and Methods 

The oceanographic cruise MOBYDICK was carried out aboard the R/V Marion Dufresne from 

February 18 to March 27, 2018. This period corresponds to the end of the Austral summer in the 

Kerguelen region. Based on previous cruises four sampling sites with contrasted productivity 

regimes were selected. Station M2 is located above the Kerguelen Plateau (overall depth 520m), 

and characterized by higher Chlorophyll a (Chl a) concentrations than off of the plateau, where 

the other stations were located (M1, M3 and M4) (Figure 1). Three repeated samplings with around 

10 days of interval took place at Station M2, two samplings at M4 and M3 and one single sampling 

at M1 (see Table 1 in Results Section). 

Figure 1. Sampling sites of the MOBYDICK Cruise southeast of Kerguelen Island (in white). Colour code 

represents mean chlorophyll concentrations derived from satellite ocean colour (climatological mean of 

2003-2016 for February). Courtesy S. Blain. 

Environmental parameters were collected throughout the water column and water samples for 

prokaryotic community composition were collected at four depths (10 m, 60 m, 125 m and 300 m) 

with 12 L Niskin bottles on a rosette equipped with a conductivity temperature depth sensor (CTD, 

model Seabird SBE9+). The depths for prokaryotic community composition were chosen 

according to the onboard CTD depth profiles with the aim to sample at the top and the base of the 

surface mixed layer (SML), the intermediate layer, and deep waters. 

For the analysis of prokaryotic community composition the seawater samples were passed through 

a 60 μm nylon mesh and then 6 L of each sample were sequentially filtered through 0.8 μm pore-

size polycarbonate membranes (47 mm diameter, Nuclepore, Whatman, Sigma Aldrich, St Louis, 

MO) and cells were concentrated on 0.22 μm cartridge (Sterivex™ Millipore, EMD, Billerica, 

MA), retrieving the particle attached (>0.8 μm) and free living fraction (<0.8 μm) respectively. 

The filters and cartridges were stored at -80° C until the DNA and RNA extraction. 
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Chl a concentrations were determined by High Performance Liquid Chromatography (HPLC), 

following the method of (Ras et al., 2008) adapted from Van Heukelem & Thomas (2001). 

Abundances of heterotrophic and autotrophic prokaryotes and pico- and nano-eukaryotes were 

measured by Flow Cytometry (FACSAria II Becton Dickinson) analysed on a BD FACS Canto. 

2.1. Nucleic acids extraction  

To further understand the link between prokaryotic diversity, community structure and ecosystem 

functioning, it is important to associate microbial identity with their potential metabolic state. The 

ribosomal RNA (rRNA) abundance data has been suggested as an index of potential activity of 

microbial cells in order to identify the active members in microbial communities (Blazewicz et al., 

2013).  

DNA and RNA extraction was performed simultaneously from the 0.8 and 0.2um fractions, from 

the Sterivex™ cartridges and polycarbonate membranes respectively, using the AllPrep Kit 

(Qiagen, Hilden, Germany) with the following modifications based on Liu et al. (2019). The filter 

units were thawed and closed with a sterile pipette tip end at the outflow, 425 μl lysis buffer were 

added per sample (40mM EDTA, 50mM Tris and 0.75 M sucrose) and three freeze-thaw cycles 

were performed with liquid nitrogen and a water bath at 65°C. Subsequently, 25μl of freshly 

prepared lysozyme solution were added (2 mg ml-1 final concentration), the filter units were placed 

in a rotary mixer and incubated at 37°C during 45 minutes, and then 8μl of proteinase K solution 

(0.2 mg ml-1final concentration) and sodium dodecyl sulfate (SDS) (1%) were added and 

maintained at 55°C with gentle agitation every 10 min for 2 hrs.  

To protect the RNA, 10 μl of 𝛽-mercaptoethanol was added to 1 ml of RLT plus buffer provided 

by the kit, 1550 μl of this solution were added to each filter unit and mixed by inversion. The lysate 

was recovered by using a sterile 5 ml syringe and loaded in three additions onto the DNA columns 

by centrifuging at 10 000g for 30 s. DNA and RNA purifications were performed following the 

manufacturer’s guidelines (Qiagen, Germany) in which RNA was treated with DNase to avoid 

contamination after first wash step.  

The Invitrogen™ SuperScript™ VILO™ cDNA Synthesis Kit (Thermo Fisher Scientific Inc. 

Carlsbad, CA USA) was utilized to generate cDNA from the RNA extracts. Previous to the reverse 

transcription, purity of the RNA extracts was checked by PCR test with general primer sets 341F 

(5’-CCTACGGGNGGCWGCAG) and 805R (5’-GACTACHVGGGTATCTAATCC) for the 

prokaryotic 16S rRNA gene, followed by the examination of amplification products on 1% agarose 

electrophoresis.   

PCR was performed using the primers 515F-Y (5′-GTGYCAGCMGCCGCGG TAA) and 926R 

(5′-CCGYCAATTYMTTTRAGTTT) that encompasses the V4 and V5 hypervariable regions of 

the 16S rDNA (Parada et al., 2016), from the DNA and cDNA extracted previously.  Triplicate 10 

μl reaction mixtures contained 2 μg DNA, 5 μl KAPA2G Fast HotStart ReadyMix, 0.2 μM forward 

https://www.zotero.org/google-docs/?oYb3aD
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primer and 0.2 μM reverse primer. Polymeric chain reaction (PC) amplification was performed 

under the following conditions: an initial denaturation step of 95°C for 3 min, followed by 30 

cycles of denaturation at 95°C for 45 s, annealing at 50°C for 45 s, and extension at 68°C for 1:03 

min. s, and a final elongation step at 68°C for 5 min.  

The presence of amplification products was confirmed by 1% agarose electrophoresis and 

triplicates were pooled. Once pooled, the PCR products were purified by gel-filtration through 

Sephadex G-50 Super Fine resin (Amersham Biosciences, Uppsala, Sweden). The dry resin was 

deposited in a 45 μl column charger, removed the excess with a scraper, placed the MultiScreen 

HV plate upside down on the charger and turned over together to obtain the plate wells filled with 

the resin. To the dry resin were added 300 μl of ultrapure water and incubated per 3 hr at room 

temperature. The MultiScreen HV plate was placed on a standard 96 well microtiter plate and 

centrifuged at 910 g for 5 min to remove the water and compact the mini-columns. The samples 

were deposited in the mini-columns and the MultiScreen HV plate was placed on a standard 96 

polypropylene plate and centrifuge per 5 min at 910 g. Then the purified samples were recovered 

for sequencing. 

The 16S rRNA gene amplicons were sequenced via next generation sequencing (Illumina MiSeq 

2 × 250 bp chemistry on one flow-cell) at the platform GeT-PlaGe Genotoul (Toulouse, France). 

Mock community DNA (LGC standards, UK) was used as a standard for subsequent analyses and 

considered as a DNA sample for all treatments. In total, 128 samples (64 DNA and 64 cDNA) 

were sequenced. After the sequencing two samples were discarded, one due to low quality in the 

sequencing and the other due to the low number of reads. 

2.2. Data analysis 

The samples obtained in the sequencing run were demultiplexed at the platform GeT-PlaGe 

Genotoul (Toulouse, France). A total of 5 847 892 sequences were obtained. Processing sequences 

was conducted with the dada2 package for R version 1.10.1 (Callahan et al., 2016a), following the 

pipeline by Callahan et al., (2016b). Primers were trimmed and the sequences were filtered based 

on their quality using filterAndTrim( ) in dada2 (maxEE=2, truncQ=2). Forward reads with a 

length of 245 bp, reverse reads with a length of 210 pb, and in total 4 253 969 reads were kept 

after quality filtering. 

Amplicon sequence variants (ASVs) were inferred through the high resolution DADA2 method, 

resolving variants that differ by as little as one nucleotide (Callahan et al., 2016a; Callahan, 

McMurdie, & Holmes, 2017). This method relies on a parameterized model of substitution errors 

to distinguish sequencing errors from real biological variation (Callahan et al., 2016b). The 

generation of the ASVs does not depend on the fixation of arbitrary thresholds, contrary to the 

Operational Taxonomic Units (OTUs) which are clusters of reads that differs by less than a fixed 

dissimilarity threshold (usually 1 or 3%).  
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Error rates were estimated from the data, and inference of the sequence variants was made from 

the pooled sequences from all the samples. The 1 059 953 unique forward sequences and 1 619 

348 reverse unique sequences were pooled to determine the sequence variants, then the forward 

and reverse sequences were merged and chimeras were removed. From this we obtained 54 491 

unique ASVs.  Taxonomy was assigned comparing the ASVs obtained against the SILVA database 

release 132 (Quast et al., 2013). This database was cleaned, removing the ASVs recognized as 

Chloroplasts, Mitochondria and Eukaryotes using command prune_taxa( ) by Phyloseq R package 

version 1.26.1 (McMurdie & Holmes, 2013). The abundance table of the ASVs per sample was 

built with DADA2 and then combined with the taxonomy into a phyloseq-class object for further 

analysis.  

From the 5 847 892 reads we obtained a total 18 699 ASVs for the 126 samples. The number of 

reads per sample varied between 3926 and 56840. The dataset was randomly subsampled to the 

lowest number of reads (3926) per sample with rarefy_even_depth( ) by Phyloseq, with the aim to 

enable comparisons between samples. After the subsampling 16664 ASVs remained in the dataset.  

2.3. Statistical analysis  

Taking into account the hydrological conditions in the study area and the stratification along the 

water column, we first aimed to explore the distribution patterns of the prokaryotic communities. 

We therefore applied Non-Metric Multidimensional Scaling (NMD), an ordination based on a 

dissimilarity matrix. In our case the Bray-Curtis dissimilarity matrix of the community structure 

was used, i.e., occurrence and relative abundance of ASVs per sample. 

The statistical analysis were performed in R 3.5.2 version, Bray–Curtis dissimilarity matrices were 

generated via vegdist( ) function based on the community structure. NMDS ordinations were 

generated based on Bray–Curtis dissimilarity using metaMDS( ) function in the package Vegan 

(Oksanen et al., 2019).  

Diversity indices were calculated with phyloseq command estimate_richness( ). Analysis of 

similarity (ANOSIM) anosim( ) was performed to test significant differences in microbial 

communities between sampling depths and among sites in the surface mixed layer.  

The contribution of individual species (ASVs) to the average Bray-Curtis dissimilarity between 

groups was obtained using similarity percentage analysis (SIMPER) simper( ) . The ASVs with a 

relative abundance lower than 1% in at least one sample were discarded prior the SIMPER 

analysis. Once the ASVs with a significant contribution to the dissimilarity between groups were 

obtained, the ASVs with a relative abundance higher than 5% in at least one sample were selected 

to plot them in a heatmap, with the package pheatmap version 1.0.12 for R (Kolde, 2019).  
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3. Results 

3.1. Environmental conditions 

During late Austral summer, the water column was stratified at the four sites with mixed layer 

depths ranging between 27m at Station M1 to up to 87m at Station M4 (Table 1). The Chl a 

concentrations at Station M2 varied from 0.28 mg m-3 in the surface mixed layer (SML) during 

the first visit to 0.62 mg m-3 during the third visit. Chl a dropped at about 150m depth to 

concentrations below 0.09 mg m-3 (Fig. 2).  

 

 Table 1. Environmental variables in surface waters (10m and 60m depth) during the study.  

Site & 

visit 

Depth 

(m) 
Date 

Long, 

Lat 

SML 

(m) 

Temp 

(°C) 
Sal 

Chl a  
Het Prok 

(cells ml-1) 

PicoNano 

(cells ml-1) 
(mg m-3) 

  

M1_1 
10 

09/03/2018 
74.9011, 

-49.8498 
27 

5.08 33.89 0.31 6.06E+05 8.04E+03 

60 4.89 33.89 0.36 6.19E+05 8.01E+03 

M2_1 
10 

26/02/2018 
72.0007, 

-50.6163 
62 

5.21 33.86 0.28 1.15E+06 2.77E+03 

60 5.08 33.87 0.29 1.18E+06 3.19E+03 

M2_2 
10 

06/03/2018 
72.0181, 

-50.6278 
61 

5.24 33.86 0.32 8.37E+05 3.77E+03 

60 5.24 33.86 0.33 7.94E+05 3.49E+03 

M2_3 
10 

16/03/2018 
72.002, -

50.6167 
68 

5.18 33.86 0.58 6.65E+05 8.13E+03 

60 5.07 33.86 0.62 7.08E+05 8.41E+03 

M3_2 
10 

04/03/2018 
68.0579, 

-50.6826 
65 

5.6 33.82 0.19 6.96E+05 3.72E+03 

60 5.6 33.82 0.19 6.65E+05 3.59E+03 

M3_3 
10 

19/03/2018 
68.0523, 

-50.7001 
79 

5.32 33.81 0.14 4.46E+05 1.49E+03 

60 5.32 33.81 0.14 4.45E+05 1.52E+03 

M4_2 
10 

01/03/2018 
67.1998, 

-52.6004 
49 

4.5 33.85 0.18 5.52E+05 3.18E+03 

60 4.48 33.85 0.18 5.50E+05 3.16E+03 

M4_3 
10 

12/03/2018 
67.207, -

52.6019 
87 

4.47 33.85 0.21 5.01E+05 3.70E+03 

60 4.46 33.85 0.21 5.06E+05 3.76E+03 

Depth refers to the sampling depth for the prokaryotic community analysis. SML, Surface mixed layer 

depth, Chl a, chlorophyll a; Het Prok, Heterotrophic prokaryotes; PicoNano, Pico-Nanophytoplankton. 

 

In the case of Stations M3 and M4, Chl a concentrations were similar between visits, with higher 

concentrations in the upper 100 m depth (~0.2 mg m-3) (Fig. 2, M3, M4). Station M1 was visited 

only once during the cruise and the Chl a concentration is slightly higher than at the other off 

plateau sites (maximum ~0.39 mg m-3 at 75 m depth) (Fig. 2 M1). 
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Figure 2. Vertical profiles of temperature and Chl a at the four sampling sites (M1, M2, M3 and M4). First 

visit: continued line and circle; second visit: dashed line and triangle; third visit (only for M2) long-dashed 

line and square. 

 

Heterotrophic prokaryotic abundance was highest in surface waters at Station M2 during the first 

visit, and the abundance decreased by almost 2-fold two weeks later. At the off plateau sites, 

similar prokaryotic abundances were observed in surface waters.  

Concentrations of Chl a and the abundance of heterotrophic prokaryotes were higher at Station 

M2 as compared to the off plateau sites. 

M1 M2 

M3 M4 
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3.2. Prokaryotic community distribution 

A total of 126 samples were used to characterize the total (DNA) and the potentially active (RNA) 

prokaryotic community composition in the free living and in the particle attached fraction. 16 664 

ASVs were obtained 13 044 ASVs for the free-living fraction and 10 993 ASVs for the particle-

attached fraction; 7373 ASVs were shared between these fractions.  

In surface waters (10m and 60m), the observed number of ASVs for the free living communities 

varied from 252 to 405 ASVs at Station M2, while this number was overall higher at the other sites 

(408 to 503 ASVs). In the particle attached communities, the number of ASVs was substantially 

lower and similar among sites (208 to 255 ASVs). At 125m depth for the free living community 

the number of ASVs ranged from 521 to 668, and for 300 m depth it varied from 657 to 865 ASVs. 

According to the NMDS ordination, based on the community structure, the free-living prokaryotic 

communities, both total and active, were clustered by depth layer (Fig. 3). The communities of the 

deeper waters (300m) were distinct from the ones at 125m and from the communities at 10m and 

60m depth. Except for Station M1, the 60m was at the base or well within the SML. The samples 

from the different depth layers were significantly different (DNA ANOSIM R= 0.71, RNA 

R=0.79, p<0.01, Fig.3.A and B respectively). In the case of the particle-attached fraction of the 

total and active prokaryotic communities, the clusters by depth are less pronounced, although there 

is a gradient in the ordination where the cluster of the surface samples are followed by 125m and 

then by 300m depth (Fig. 3. C and D). The depth groups for both total (DNA) and active (RNA) 

communities are consistent. 

In the surface mixed layer, the free-living prokaryotic communities are different between the sites 

on and off the plateau (Figure 4). For the free-living fraction, the difference is more pronounced 

than for the particle-attached fraction. The clusters per site for total (DNA) and active (RNA) 

communities have similar patterns. 

 

 

 

 

 



10 

 

 

 

 

Figure 3. Non-Metric Multidimensional Scaling of prokaryotic communities from all depth layers based 

on Bray-Curtis Dissimilarity. A) total free-living community (DNA), B) active free-living community 

(RNA), C) total particle-attached community, D) active particle-attached community. 
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Figure 4. Non-Metric Multidimensional Scaling of prokaryotic communities from surface waters (10m and 60m) 

based on Bray-Curtis Dissimilarity. A) total free-living community (DNA), B) active free-living community C) 

total particle-attached community, D) active particle-attached community.  

 

3.3. Prokaryotic Diversity  

To estimate differences in the prokaryotic diversity among sites, we used different indices. 

Regarding the Shannon diversity index, the free-living communities on the plateau were less 

diverse than the communities at the sites off the plateau (Fig. 5). In contrast, in the case of the 

particle-attached fraction the overall difference among sites on and off plateau was less 

pronounced, especially due to the variability in the diversity in M3. A remarkable difference is 

that the free-living communities are more diverse than the particle-attached. A similar pattern was 

also observed for the observed richness and Inverse Simpson (Supplementary information, Fig.S1 

and S2). 
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Figure 5. Shannon diversity index for the prokaryotic communities in the surface among sites. Left panel: 

total free-living fraction. Right panel: total particle-attached fraction. 

 

3.4. Prokaryotic community composition 

In order to identify the prokaryotic taxa, the ASVs were compared against the SILVA database 

release 132 at the highest taxonomic level possible (Quast et al., 2013). The ASVs with the same 

taxonomy at the order level were pooled for the illustration of the relative abundance in the 

samples.  

The free-living communities in surface waters were dominated by members of the orders 

Flavobacteriales, Rhodobacterales, Pelagibacterales (SAR11) and Cellvibrionales, which were 

distributed in a different way at Station M2 in comparison to the other sites (Fig. 6). In particular, 

at Station M2 the Flavobacteriales contributed to around 50% of the community composition, 

whereas in the off plateau stations the relative abundance of the Flavobacteriales amounts to 

around 30%. A more detailed view of the relative contribution of different Flavobacteriales groups 

(at the family and order level) for the free living fraction at Stations M2 and M3 is provided in Fig. 

8. On the contrary, the relative contribution of SAR11 was between 2 to 10% at Station M2 

meanwhile it accounted for up to 25% at the off plateau sites. Rhodobacteriales had relatively 

homogeneous distribution between sites (between ~12 and 15% at all stations except for M1 

~20%). Cellvibrionales were abundant at Station M2, but did not reach the 5% for Station M3. On 

the contrary, SAR86 was abundant at Station M3, but not at Station M2.  
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Alteromonadales, Verrucomicrobiales, Kordiimonadales and Chitinophagales had low 

abundances at Station M2 (1.5 – 2% each), and their relative abundances were > 5% at Station 

M3. By contrast, SAR 406, Thiotricales and Parvibaculales were present at Station M3, but with 

really low relative abundances (<1.5%) at Station M2. 

Regarding the particle attached communities in surface waters, not only differences between M2 

and the off plateau sites, but also among the off plateau sites were observed. Flavobacteriales, 

Pseudomonadales, Rhodobacteriales and Cellvibrionales were among the most abundant groups 

(Figure 7). Flavobacteriales contributed with up 50% to the total relative abundance at Station M2, 

and this group had variable contributions at the off plateau sites. Rhodobacteriales accounted for 

up to 40% during the first visit at Station M3, while its contribution was always around 10% at 

Station M2. A more detailed view of the relative contribution of different Flavobacteriales groups 

(at the family and order level) for the particle attached fraction at Stations M2 and M3 is provided 

in Fig. 9. Pseudomonadales are present and highly abundant during the second visit to M3, while 

during the third visit they were not detectable any more. Verrumicrobiales had relative abundances 

of roughly 5% regardless of  the site. Chitinophagales was present only at Station M2, however, it 

was among the top 5% only during the third visit at 10 m depth. 

In contrast to the free-living fraction, SAR11 had low relative abundances in the particle-attached 

fraction at all sites. The other marked difference among free living and particle attached 

communities was the high abundance of Pseudomonadales, mainly at Station M3_2_60m (Fig. 7). 

Because of the overall similarity of the community composition at Stations M1, M3 and M4, 

especially for the free-living fraction, Station M3 was chosen as an off plateau site for a further 

detailed comparison with Station M2 on the plateau. 
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Figure 6. Relative abundance of free living taxa grouped at order level, in surface waters (Site names are 

composed by the Station identifier (M1, M2, M3 or M4), number of visit and depth, for instance, 

M2_2_10m refers to the site M2, second visit, 10m depth.  

 

 

 

 

 

 

 

 

 

 

Figure 7. Relative abundance of particle attached taxa grouped at the order level in the surface waters (Site 

names are composed by the Station identifier (M1, M2, M3 or M4), number of visit and depth, for instance, 

M2_2_10m refers to the site M2, second visit, 10m depth.  
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3.5. Taxa contributing to the difference between on and off plateau  

We then aimed to identify the ASVs that are contributing to the difference in the community 

composition in surface waters between on and off plateau sites. We performed a Simper analysis 

(permutations = 999) and then selected the ASVs contributing significantly (p<0.05) to the 

difference between Stations M2 and M3 at 10m and 60m depth. In order to simplify the 

visualization of the information, the most abundant ASVs were considered. We chose ASVs with 

a relative abundance > 5% in at least one sample (Table 2). This analysis was applied separately 

to the total (DNA) and active (RNA) free-living and particle-attached communities (Figs. 10 and 

11). 

 

Table 2. Overview of ASVs contributing to the difference between community composition in the 

surface mixed layer at Station M2 and M3.  

  

No. ASVs            

p < 0.05,   >1%  

rel. abundance 

Total 

contribution to 

dissimilarity 

No. ASVs         

p < 0.05,   >5% 

rel. abundance 

Total 

contribution to 

dissimilarity 

Total free living  51 0.78 10 0.39 

Active free living  42 0.61 8 0.14 

Total particle attached  43 0.52 9 0.38 

Active particle attached 34 0.35 6 0.19 

 

In the free-living fraction, 10 highly abundant ASVs (> 5% relative abundance) contributed 

significantly to the differences between M2 and M3, explaining together up to 39% of the 

difference. Considering all ASVs (> 1% relative abundance; 51 ASVs) that contributed 

significantly to the differences between sites up to 78% can be explained (Table 2). In contrast, for 

the potentially active community (RNA), the contribution of the ASVs to the difference between 

sites was overall much lower, ranging from 61% for the free-living community (ASVs > 1% 

relative abundance; 42 ASVs) to 35% for the particle-attached community (ASVs > 5% relative 

abundance; 6 ASVs). 
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Figure 10.  Relative abundance of ASVs in the free-living fraction at stations M2 and M3 at 10m depth. * 

ASVs contribute significantly (p<0.05) to the dissimilarity between sites M2-M3 (SIMPER analysis), either 

for the total (DNA) or potentially active (RNA) community. Only the ASVs with relative abundance >5% 

in at least one of the samples are shown. Note that the ASVs that contribute to the difference among sites 

are not always the same for the total and the active communities. 

 

Among the ASVs contributing to the difference between Stations M2 and M3, for the total free 

living community, the most abundant one is ASV_1 belonging to Cellvibrionales from the Family 

Halieaceae and the genus OM60(NOR5).  

Five ASVs identified as Flavobacteriaceae contributed further to the difference between sites, and 

four of them (ASV_5, ASV_10 NS5 Marine group, ASV 16 Aurantivirga and ASV_6 Ulvibacter) 

were more abundant at Station M2 than at Station M3. ASV_12, belonging to NS2b marine group, 

was more abundant at Station M3 (Fig. 10). SAR11 and Planktomarina also contributed to the 

difference between sites and both were more abundant at Station M3.  
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Figure 11.  Relative abundance of ASVs in the particle attached fraction at stations M2 and M3 at 10m 

depth. * ASVs contribute significantly (p<0.05) to the dissimilarity between sites M2-M3 (SIMPER 

analysis), either for the total (DNA) or potentially active (RNA) community. Only the ASVs with relative 

abundance >5% in at least one of the samples are shown. Note that the ASVs that contribute to the difference 

among sites are not always the same for the total and the active communities. 

 

Regarding the active free living community, there are 8 ASVs contributing significantly to the 

difference between sites (Fig. 10). All 8 ASVs were also identified as significantly different for 

the total community, except for Formosa belonging to Flavobacteria, an ASV that was more 

abundant at Station M3 than M2. 

In the case of the particle attached fraction, ASV_1 Halieaceae OM60(NOR5) contributed to the 

dissimilarity between sites, and this was the most abundant group, especially at Station M2. Six 

ASVs identified as part of the family Flavobacteriaceae contributed to the dissimilarity to the total 

community. Only 3 of them were significantly different also for the active community 

(Aurantivirga, NS2b marine group and Formosa) (Figure 12).   
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4. Discussion 

In the region east of the Kerguelen Islands annual spring phytoplankton blooms occur due to 

natural iron fertilization of the surface waters. According to observations and models based on 

satellite-derived chlorophyll-a (Chl a) the bloom above the Kerguelen plateau starts in early 

November, reaching its maximum by mid-December. At this time point, concentrations of Chl a 

are roughly 2.5 mg m-3 in on-plateau surface waters as compared to 1.1 mg m-3 in off-plateau 

waters, and they decrease to less than 0.5 mg m-3 by February (Mongin et al., 2008). The 

MOBYDICK cruise was conducted during the late Austral summer. The maximum concentration 

of Chl a in the SML was measured at the site M2 (0.62 mg m-3) that is below the normal bloom 

concentrations, corresponding to post-bloom conditions. 

4.1. Prokaryotic community distribution 

Distribution of prokaryotic communities in the environment is influenced by the environmental 

parameters, especially in aquatic ecosystems. The characteristics defining water masses, can be 

associated to horizontal and vertical distribution of the organisms. Stratification and mixing 

processes have shown to be related to changes in the diversity in the water column (Gallagher et 

al., 2004; Frank et al., 2016). Free living total and potentially active communities show a 

differential distribution according to the depth (Fig 3 A and B). The communities in the deep 

waters are different from the ones at 125 m depth and the ones in 10 and 60 m depth.  

Several factors can constrain the vertical distribution of the microorganisms in the water column. 

One of them is the vertical dispersion limitation of the small size particles (as picoplankton), due 

to the slow sinking velocity and the physical barrier that the stratification of the water column 

supposes. Due to this fact, the picoplankton was not considered as an important contributor to the 

carbon export in the deep-water layers (Michaels and Silver, 1988), however, nowadays there is 

recognized as well the role of the microorganisms associated to bigger particles, with consequently 

higher sinking rates (Farnelid et al., 2019).  

In the case of MOBYDICK, we distinguished between the free living prokaryotes (<0.8 µm) and 

the particle attached ones (>0.8 µm). The large size of the particles facilitates the sinking process 

by itself, then, the response is a vertical connectivity of the microorganisms from the surface to 

the deeper layers. Similar to the findings in the study of Mestre and collaborators  (2018), for the 

MOBYDICK cruise the free-living communities are more isolated vertically than the larger size 

fractions, which showed highest similarity through the water column (Fig. 3 C and D). 

Considering that the nature of the particles in attached fraction can be diverse, either organic 

matter, faecal pellets, or alive organisms, like phyto- and zooplankton, then the implications of the 

high connectivity along the water column are beyond the microbial composition of the community, 

but the ecological and trophic interactions (Boeuf et al., 2019). 



21 

 

The communities on plateau sites were different from the ones off plateau, in the SML during the 

post bloom conditions. This was also observed in previous studies during the peak and declining 

phases of early spring phytoplankton blooms (West et al., 2008; Landa et al., 2016) 

4.2. Prokaryotic Diversity  

The study of prokaryotic diversity and community composition is of importance for a better 

understanding of function and dynamics of the microbial communities (Kim et al., 2017). A first 

approach to explore the diversity of the communities is to know the measures of alpha diversity, 

as the observed richness, and indices as Shannon that takes into account the occurrence and the 

evenness of the observed taxa. If comparing the Shannon diversity among sites for the free living 

fraction in the SML, M2 shows less diversity than the sites off plateau (Fig. 5).  

Low diversity in high productivity regions can be associated to the predominance of few taxa in 

the community composition, either due to strategies of fast nutrient utilization, but also potentially 

influenced by direct interactions with members of the phytoplankton community (Zhou et al., 

2018). A reduction of bacterial richness has been shown in bloom areas in temperate regions of 

the ocean, dominated by only a few, probably most competitive bacterial groups (Wemheuer et 

al., 2014). In the present study, the free living fraction at Station M2 on the plateau was dominated 

by Flavobacteriales, contributing to more than 50% of the total community composition, followed 

by Rhodobacteriales and Cellvibrionales, whereas at the stations off plateau, Flavobacteria (~30%) 

and SAR11 (~25%) had similar relative abundances (Fig. 6). Some groups of Bacteroidetes as 

Flavobacteriales, are presumed to be fast-growers, utilizing highly complex organic matter first, 

dominating over other groups (Teeling et al., 2012). 

In the present study the measures of alpha diversity for the particle attached fraction are not 

different among sites on and off plateau (fig. 5). These communities were mainly dominated by 

Flavobacteriales, Rhodobacteriales and Cellvibrionales, but with variation within samples of the 

same sites, not allowing to detect a clear pattern to differentiate between on and off plateau Stations 

(Fig. 7 M3 and M4).  

Particle attached communities, showed lower alpha diversity than the free living communities at 

all the stations, regardless their location with respect to the plateau. The debate about the 

comparison between particle attached and free living prokaryotes is controversial, while several 

studies show higher diversity, abundance and higher specific metabolic activity in the particle 

attached fraction than in the free living counterpart (Zhang et al., 2007; Ortega-Retuerta et al., 

2013; Rieck et al., 2015) others do not find significant differences (Bachmann et al., 2018).  

The differences between the free living and particle attached communities are related to their 

differences in lifestyle and metabolic capabilities, consequently, the particle attached communities 

assemblage is influenced by the composition, origin and quality of the particles (Zhang et al., 2007; 

Ortega-Retuerta et al., 2013; Rieck et al., 2015). The nature of the particle composition should be 
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examined in further research to better understand the particle attached communities. With respect 

to the MOBYDICK-project, these analyses are currently in progress.  

4.3. Taxa contributing to the difference on and off plateau.  

For the free living fraction, the differences in the surface layers between on and off plateau are 

consistent with differences in the diversity indices and with the community composition. In an 

attempt to elucidate better the ecological meaning of this differences, we can focus on the taxa that 

contribute with the main differences among on and off plateau. 

At the level of ASV, the most abundant one, in M2, and consequently contributing to the difference 

between M2 and M3 is the ASV1 (group OM60(NOR5) from the Cellvibrionales. This 

oligotrophic marine gammaproteobacterial group (OM), had higher relative abundance at Station 

M2 (plateau), mainly during the first visit. This group has a cosmopolitan distribution in marine 

surface waters, and it can reach high seasonal abundances especially in coastal environments, 

where it also co-occurs with algal blooms (Yan et al., 2009). Recently, by metatranscriptomics 

analysis, it was found that Cellvibrionales had high contribution to the expression of genes for the 

uptake of siderophore-bound iron (Debeljak et al.). This can suggest the importance of this group 

in this iron fertilized area of the Southern Ocean. 

The order Flavobacteriales dominated the whole community in the surface waters (Fig. 6 and 7), 

however, going in to the deeper taxonomic level identified (Fig. 8 and 9), there are differences at 

the genus level between on and off plateau sites. 

Marine genera of Flavobacteriales have been reported as major component of the microbial 

communities in the ocean pelagic zone, strongly coupled to phytoplanktonic primary production 

(Bowman, J. P., 2006). Some members of the Flavobacteriales are more abundant at the site M2, 

such as Aurantivirga, NS5 and Ulvibacter, while off plateau the genus Formosa is more abundant, 

either for the free living or for the particle attached fraction. Recently, the enzymatic capability of 

the degradation of biopolymers such as proteins and polysaccharides by some marine 

Bacteroidetes, more specifically Flavobacteriia have been described through metagenomics and 

proteomics methods (Xing et al., 2015). 

The genus Formosa also from Flavobacteriales had higher relative abundances at the site M3. This 

genus has been observed in marine environments rich in organic matter, such as aggregates of 

particulate organic matter or associated to diatoms-dominated blooms. A particularity of this genus 

is the capability of degradation of algal polysaccharides and the production of some toxic 

secondary metabolites, that can potentially kill various algal species  (Mann et al., 2013; Williams 

et al., 2013).  

In the Southern Ocean, specifically in the Kerguelen region, Flavobacteriales from the groups NS5, 

Ulvibacter and NS9 were shown to have positive correlations with major diatom species such as 
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Thalassionema nitzschoides and Chaetoceros curvisetus (Liu et al., 2019). Previous surveys found 

some species of Chaetoceros dominant above the Kerguelen plateau (Landa et al., 2016). Also, 

Fragilariopsis kerguelensis was strongly positively correlated with several flavobacterial groups 

such as NS5, NS9 and NS10. The occurrence of the diatoms species at the sites visited during the 

present study could explain the predominance of the prokaryotic groups on and off plateau.  

Despite the post bloom conditions during late summer for MOBYDICK cruise, the influence of 

the diatom blooms and related succession, can still shape the prokaryotic communities. So far, it 

is known that the phytoplanktonic community during the cruise was dominated in relative 

abundance by Fragilariopsis and in biomass by Corethron, these analyses are currently in 

progress. As part of the main objectives in the MOBYDICK project, it is aimed to bring together 

the relevant information of different work packages to study the end to end carbon cycle. 

 

5. Conclusion 

The present work provides a detailed description of the prokaryotic communities in the free- living 

and particle-attached size fractions during late summer in the vicinity of the Kerguelen Islands 

(Southern Ocean). Using Illumina sequencing of the 16S rRNA gene, a total of 16 664 ASVs were 

obtained, and the distribution, diversity and most abundant groups of the prokaryotic community 

were described. The prokaryotic communities showed to be constrained by the depth layer along 

the water column, especially for the free living fraction. In the case of the particle attached fraction, 

the differences among depths layers is significant, but the pattern is less marked in the spatial 

ordination (NMDS), suggesting connectivity between the depth layers in the water column due to 

particle sinking. Further studies are needed to investigate the nature of the particles associated to 

the particle attached size fraction. 

In the SML, the prokaryotic communities showed to be different at the Stations off (M1, M3, M4) 

and on the plateau (M2), as revealed by differences in the diversity (lower diversity determined on 

the plateau) and the composition of the community (clear predominance of Flavobacteriales on the 

plateau). The alpha diversity for the particle attached fraction did not differ among sites, however, 

the overall alpha diversity of this size fraction was lower than for the free living.  

The predominant prokaryotic taxa were mainly genus of Flavobacteria, normally associated to 

diatom-dominated blooms probably due to their metabolic capabilities to utilize polymers in high 

nutrient-conditions. Other groups such as Cellvibrios and SAR11 were shown do contribute to the 

differences among sites in the surface and being important the community composition on and off 

plateau. Future research is needed to understand the relationship between the prokaryotic 

communities and the phytoplankton assemblages, as well as other trophic levels, to better 

understand the ecosystemic role of the prokaryotic diversity in the Southern Ocean and its temporal 

variability.    
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Fig. S1. Observed richness (ASVs number) in the surface mixed layer. 

 

Fig. S2. Inverse Simpson diversity index in surface (10 and 60m) for free-living (left) and particle- 

attached (right) prokaryotic communities. 

The raw data of this work (sequences of 16S DNA amplicon) are in the Laboratoire 

d’Océanographie Microbienne (LOMIC), Observatoire Océanologique de Banyuls (OOB). 

UPMC/CNRS UMR 7621. Contact person: Ingrid Obernosterer ingrid.obernosterer@obs-

banyuls.fr  

Avenue du Fontaulé 66650 Banyuls sur mer,  

France. Tel : (33) 04 68 88 73 53. http://lomic.obs-banyuls.fr  

mailto:ingrid.obernosterer@obs-banyuls.fr
mailto:ingrid.obernosterer@obs-banyuls.fr


List of communications 
 

- Yan Liu, Stéphane Blain, Olivier Crispi, Mathieu Rembauville, Ingrid Obernosterer 

IMBER Meeting Jun. 2019, Brest: Seasonal dynamics of prokaryotes and their 

associations with diatoms in the Southern Ocean (Talk given by Ingrid Obernosterer) 

 

- Yan Liu, Stéphane Blain, Olivier Crispi, Mathieu Rembauville, Ingrid Obernosterer 

InterLab Meeting May 2019, Barcelona: Diatom-prokaryote associations during spring 

blooms in the Southern Ocean unveiled by a Remote Access Sampler (Talk) 

 

- Yan Liu, Pavla Debeljak, Mathieu Rembauville, Stéphane Blain, Ingrid Obernosterer  

LOMIC Meeting Jun. 2018, Banyuls sur mer: Are diatoms drivers of prokaryotic 

community composition in the Southern Ocean (Talk) 

 

- Yan Liu, Pavla Debeljak, Mathieu Rembauville, Stephane Blain, Ingrid Obernosterer 

SOCLIM Annual Meeting Oct. 2018, Paris: Diatoms shape the biogeography of 

heterotrophic bacteria in the Southern Ocean (Talk) 

	


