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Nicht alle Wege führen zum Ziel. Und wenn man erst einmal auf der anderen Seite des 

Globus angekommen ist, kann man wenigstens sicher sein, dass man auf dem richtigen 

Weg ist. Wer diese Gewissheit auf dem Herzen trägt, der bleibt kühl, wenn auch die 

Magnetnadel des Lebens ab und zu tanzt. 
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Zusammenfassung 

Bakterien sind die diversesten Organismen auf der Welt. Obwohl eine Vielzahl an 

Bakterienarten bekannt ist, so sind doch die meisten Arten bisher unerforscht. Dies liegt unter 

anderem daran, dass die Mehrheit der Bakterien nicht kultivierbar ist. Gerade bei marinen 

Vertretern gilt die Kultivierung als besonders herausfordernd. Viele dieser Bakterien ernähren 

sich hauptsächlich von organischen Kohlenstoffverbindungen. Dabei stellen Algenbiomassen 

die größte Nährstoffquelle dieser heterotrophen Bakterien dar. Algen bestehen zu 70% aus 

Polysacchariden, die von den Bakterien verwertet werden können. Dazu benötigen die 

Bakterien eine entsprechende Enzymausstattung die meist zusammenhängend in 

Polysaccharide Utilization Loci (PUL) genomisch codiert ist. In dieser Arbeit wurde das im 

Antarktischen Ozean isolierte Modelbakterium Pseudoalteromonas distincta ANT/505, auf die 

Ausbildung von Membranstrukturen hinsichtlich des Polysaccharidabbaus untersucht. Viele 

marine Bakterien produzieren Membranausstülpungen wie Membranvesikel (MV) oder 

Anhänge (VC). Die Funktion dieser zellulären Strukturen ist weitestgehend unbekannt. In 

dieser Studie wurden P. distincta Zellen auf Alginat, Pektin und Pepton kultiviert und 

subzelluläre Proteomanalysen durchgeführt. Über mikroskopische Verfahren konnte gezeigt 

werden, dass die Bildung der MV und VC von der äußeren Membran ausgeht und unabhängig 

von der Nährstoffquelle und Wachstumsphase ist. Proteine, die für den Transport und den 

initialen Abbau von Polysacchariden verantwortlich sind, konnten in den MV und VC verstärkt 

detektiert werden. Zusätzlich wurden unter allen Bedingungen zwei alkalische Phosphatasen 

in den MV und VC abundant nachgewiesen. Die Ergebnisse zeigen eine kontinuierliche 

Bildung dieser Enzyme, welche in einer Phosphat-limitierenden Umgebung von Vorteil sein 

kann. Die verstärkte Abundanz von CAZymes, Transportern und alkalischen Phosphatasen 

deutet darauf hin, dass es in der Zelle eine Sortierung dieser in die MV und VC gibt. Die 

Membranausstülpungen führen zu einer Oberflächenvergrößerung der Bakterien, um in einer 

nährstofflimitierten Umgebung besser mit den Nährstoffen in Kontakt zu kommen. Des 

Weiteren kann durch die hier abundant vorkommenden Polysaccharid-verwertenden Enzyme 

schneller auf Änderungen im Nährstoffangebot reagiert werden. Somit dienen die 

Membranausstülpungen als „Fänger“ für Nährstoffe, was in einer diffusiven aquatischen 

Umwelt von Vorteil ist. 

Der Antarktische Ozean ist einer der am wenigsten untersuchten Meeresbereiche der Welt, 

da unter anderem die klimatischen Bedingungen große Herausforderungen darstellen. Der 

Antarktische Ozean spielt jedoch eine zentrale Rolle in der Aufnahme an atmosphärischen 

CO2 und im globalen Kohlenstoffkreislauf. Diese Vorgänge der biologischen Pumpe der 

Ozeane werden maßgeblich von marinen Bakterien bestimmt. Im Zuge des Klimawandels 

verändert sich auch die Antarktis durch ansteigende Temperaturen. Dies bedingt, dass sich 
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auch die bakteriellen Gemeinschaften und deren Stoffwechselwege anpassen. Um besondere 

Stoffwechselleistungen heterotropher mariner Bakterien im Südlichen Ozean zu bestimmen, 

wurden an zwei verschiedenen Standorten Wasserproben sequenziell gefiltert und deren 

Mikrobiome detailliert untersucht. Dazu wurden Metagenom- und Metaproteomanalysen 

durchgeführt. Die Zusammensetzung der bakteriellen Gemeinschaft wurde über 16S-rDNA 

Sequenzierung bestimmt. Die Bakterien wurden in partikel-assoziiert und frei-lebend eingeteilt. 

Die generelle partikel-assoziierte Gemeinschaft zeigte keine grundlegenden Unterschiede, am 

häufigsten waren Bacteroidetes und Gammaproteobakterien zu finden. Innerhalb der 

Gammaproteobakterien waren die Alteromonadaceae und Colwelliaceae am Standort 2 (S2) 

abundanter als an Standort 1 (S1). Die frei-lebende bakterielle Gemeinschaft wurde an S1 von 

den Alphaproteobakterien, genauer der SAR11 Clade I, dominiert. Mit Hilfe des Metagenoms 

wurden die PULs an beiden Standorden identifiziert. Die PUL Zusammensetzung und die 

Substratspezifität war an beiden Standorten annähernd gleich, jedoch gab es leichte 

Unterschiede in der taxonomischen Zuordnung der PULs. Bei den im Metaproteom 

identifizierten PUL-assoziierten Proteinen handelte es sich hauptsächlich um TBDRs. Die 

taxonomische Zuordnung der Proteine zeigte erhebliche Unterschiede an beiden Standorten. 

An S2 waren die Gattungen Colwellia und Arcobacter deutlich erhöht im Vergleich zu S1, wo 

Candidatus Pelagibacter ubique, Planktomarina und Polaribacter am häufigsten zu finden 

waren. Die generelle funktionelle Charakterisierung der Proteine war an beiden Standorten 

gleich. Die proteomischen Abweichungen in den bakteriellen Gemeinschaften an beiden 

Standorten können nicht durch spezifische Stoffwechselwege erklärt werden, da für die 

abundanten Gruppen keine speziellen metabolischen Eigenschaften nachgewiesen werden 

konnten. Daher können beobachtete differentielle Genexpressionsmuster nur auf 

unterschiedliche Umweltparameter zurückzuführen sein. Zusätzlich zu den Wasserproben 

wurden auch Kultivierungsexperimente von gefiltertem Oberflächenwasser mit Pektin 

durchgeführt. Durch diesen Ansatz konnte ein PUL für die Verwertung von 

Rhamnogalakturonan, ein Baustein von Pektin, an Standort 1 nachgewiesen werden. Des 

Weiteren wurden neue Bakterien, die Pektin verwerten können, isoliert. Bei fünf von diesen 

Stämmen wurde ein shotgun-Genom erstellt. Dort konnten die Gene für den Pektinabbau 

identifiziert werden. Daten dieser Studie zeigen, dass die Stoffwechselphysiologie und 

Interaktion bakterieller Gemeinschaften weiterhin nur unvollständig verstanden sind.  
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1. Introduction 

1.1 Marine Carbon Cycle and the Southern Ocean 

The major part of the earth’s surface is covered with 70% by the oceans. The marine 

environments are thus the biggest and most important habitats on earth. The oceanic 

ecosystems are of high importance since one half of the global primary production occurs in 

the oceans [1]. The Southern Ocean (SO) makes up 14% of the earth’s surface [2] and 20% 

of the global ocean [3]. At the same time, it contributes to half of the oceanic carbon dioxide 

(CO2) uptake (1 billion tons) [4]. This high absorption is referable to the cold water temperature 

as CO2 is more soluble in cold water than in warmer water. The partial pressure of seawater 

CO2 (pCO2) is pivotal for the absorbance or uptake of CO2. In the Antarctic winter the pCO2 is 

higher than the atmospheric carbon dioxide pressure, therefore the SO acts as a source of 

carbon dioxide [4]. The primary production in the Southern Ocean is not affected by the harsh 

climate conditions and makes up to 15% of the oceanic primary production [5]. The major 

carbon sink is located in a latitude belt between 30°S and 50°S [4]. The seasonally changing 

physical properties (temperature, ice-coverage, upwelling) are the major drivers of the 

dynamics in the Southern Ocean which highly influence the microbial degradation of organic 

matter. The major part of deep ocean water returns to the surface in the SO [6]. The Southern 

Ocean is a High Nutrient Low Chlorophyll (HNLC) system because the growth of phytoplankton 

is limited [7]. Limiting factors for phytoplankton growth are the availability of iron as well as 

temperature and light, due to seasonal fluctuations in sea-ice cover and irradiance. Bacteria 

and archaea also contribute to the primary production, notably in the cycling of dissolved 

organic matter (DOM). Due to the melting of sea-ice and upwelling processes in spring and 

early summer nutrients are transported to the surface water which results in phytoplankton 

blooms (Figure 1) [8]. Phytoplankton is one of the major drivers of the biological carbon pump 

which converts the CO2 into carbon compounds by photosynthesis. This organic carbon is 

stored in plant and animal tissues. Through sinking or death of this material it reaches the deep 

ocean and sea floor [9]. Benthic and deep-sea organisms benefit from this rich food source. 

The Southern Ocean is a rough marine environment with seasonal changes in physical, 

chemical and biological properties. Still, organisms have developed versatile strategies to cope 

with this harsh environment. Therefore, the bacteria have evolved enzymes which are active 

during very low temperatures and adapted specific phospholipids (omega-3 polyunsaturated 

fatty acids) in their membrane [10]. Despite these conditions many organisms can live and 

survive in this harsh environment. 
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Figure 1: Marine carbon cycle and nutrient flows in the Southern Ocean (created by Daniel 

Bartosik).  

 

1.2 Pectin  

1.2.1 Structure of Pectin 

Besides cellulose and hemicellulose, pectin is the most common polysaccharide in the primary 

cell wall and the middle lamella of terrestrial plants [11]. The pectin polysaccharides can make 

up 33% of the cell wall dry substance [12]. Pectins are divided into three main structures - 

homogalacturonan (HG), rhamnogalacturonan I (RG-I) and rhamnogalacturonan II (RG-II) as 

well as two rarely common structures xylogalacturonan and apiogalacturonan (Figure 2) [11]. 

Pectin has several functions in the plant cell wall. It is responsible for cohesion to the plant 

tissue, determining the cell wall porosity and thickness, modulating the pH and the ion balance 

or the regulation of the cell growth and differentiation [13, 14]. 

1.2.2 Homogalacturonan 

Homogalacturonan contributes to 65% of the pectin polysaccharides and has the simplest 

structure [15]. It consists of linear chains of α-1,4-linked D-galacturonic acids (GalA). In 

different intervals the D-Gal is methylesterified at the C-6 carboxyl and can be O-acetylated at 

the C-2 or C-3 [13, 15]. The degree of acetylation and methylation varies from source to source, 

e.g. pectin from citrus fruits is highly methylated whereas pectin from seagrasses are less 
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methylated [16]. HG is the first target of enzymes in the degradation of pectin. There are two 

mechanisms for chemical depolymerization into oligosaccharides, hydrolysis or β-elimination 

[14].  

1.2.3 Rhamnogalacturonans 

The backbone of RG-I differs from the homogalacturonan. It has alternating D-Gal and 

L-rhamnose (L-Rha) residues and represents 20-30% of pectin [15]. The backbone is 

substituted with different sugars or oligosaccharides like arabinan or galactan [14]. RG-II is the 

most complex pectin in terms of structure [17]. It consists of a HG backbone with 12 types of 

glycosyl residues in over 20 different linkages [11, 15]. The side chains consist of very rare 

sugars, e.g. 2-O-methyl fucose [18] or 2-keto-3-deoxy-D-mannooctanoic acid [19]. Although 

the structure of RG-II is very complex, it seems to be very conserved across different plants 

[17].  

 

 

Figure 2: Schematic representation of the complex pectin structure with all common 

oligosaccharides. XGA: xylogalacturonan, RG-I: rhamnogalacturonan I, RG-II: rhamnogalacturonan II, 

HG: homogalacturonan, AGA: apiogalacturonan, L-Ara: L-arabinose, D-Gal: D-galactose, Kdo: 2-Keto-

3-Deoxy-D-Mannooctanoic acid, D-Xyl: D-xylose, L-Api: L-apiose, D-Dha: 3-Deoxy-D-Lyxo-Heptopyran-

2-ularic acid, GalA: D-galacturonic acid, L-Rha: L-rhamnose,L-Gal: L-galactose, IdoA: L-Iduronic acid; 

L-Fuc: L-fucose. 

 

1.2.4 Marine pectin sources 

Pectin is known as a terrestrial polysaccharide, but nevertheless several marine bacteria show 

genetic loci for the degradation of pectin [20]. The source of pectin in the marine environment 
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is rather unidentified. Only a few algae and seagrasses which produce pectin are known. For 

example, the Zosteraceae family, a widespread seagrass representative, is a source for 

marine pectin, which is called zosterin [21, 22]. In addition, the green algae species 

Charophycean and Chlorophycean contain pectin [23]. Most of the marine pectin is HG with a 

low degree of esterification, RG-I or apiogalacturnonan [24, 25]. The pectin from seagrasses 

has many advantages over terrestrial pectin, it is very cheap and easily isolated from the cell 

wall [16].  

1.2.5 Pectin catabolism 

Over the years many pectin degrading enzymes were found in marine bacteria although pectin 

is not an abundant marine polysaccharide. In contrast to soil bacteria marine pectate lyases 

(PLs) are multi-modular. They are fused with carbohydrate esterases or carbohydrate binding 

modules [20]. This could be an evolutionary adaptation to the diffuse aquatic environment. The 

first step in pectin catabolism occurs extracellular through endo-acting PLs. The PLs degrade 

the polysaccharides into oligosaccharides and the fused carbohydrate esterase cleaves the 

methyl residue. The oligosaccharides are transported in the periplasmic space by TonB-

dependent transporters. Further breakdown of the oligosaccharides to galacturonate and 

unsaturated galacturonate is catalyzed by GHs belonging to family 105. Uronate isomerases, 

altronate oxidoreductases and altronate dehydratases are responsible for the further 

degradation to pyruvate and glycerinealdehyde-3-phosphate which are inserted in the 

carbohydrate metabolism of the cell [20, 26]. 

1.2.6 Biotechnological application of pectin and pectate lyases 

The function of pectin in plants is also used in the biotechnology sector. Therefore, pectin is 

used as a thickening and gelling agent in the food and beverage industry [12]. In addition, there 

are various medical and pharmaceutical applications. For example, pectin is used for the 

reduction of blood cholesterol and glucose concentration in the serum [12]. Furthermore, it is 

adapted in therapy against cancer and it is stimulating the immune response [15]. With its 

ability to catch cations it is also used to interact with lead and mercury from the gastrointestinal 

tract [27]. Not only the substrate finds application, also the enzymes for the degradation of 

pectin are deployed in the biotechnology sector. Pectate lyases are used in the fruit juice 

industry or the tea and coffee fermentation [14]. 

1.3 Polysaccharide degradation 

1.3.1 Carbohydrate-active enzymes 

Polysaccharides are more abundant than monosaccharides and make up to 70% of the sugar 

compounds in the oceans [28]. These complex carbohydrates are widely distributed in all 



Introduction 

5 
 

domains of life [29]. The carbohydrate turnover is mediated by carbohydrate-active enzymes 

(CAZymes) [30] divided into five enzyme classes by the CAZy database. Polysaccharide 

lyases (PL), glycoside hydrolases (GH) and carbohydrate esterases (CE) are responsible for 

the degradation of polysaccharides. Glycosyltransferases (GT) are involved in the biosynthesis 

of polysaccharides. The class of auxiliary activities, such as lytic polysaccharide mono-

oxygenases or enzymes for lignin degradation have different functions in carbohydrate 

turnover [29]. All CAZymes are classified into several enzyme families. To date there are 

168 GH, 40 PL and 111 GT families, based on their amino acid sequence similarity. Especially, 

GHs have been extensively investigated. CAZymes that are grouped into a family should be 

specific to their predicted substrate, nevertheless one family could also include several putative 

substrates (e.g. GH16). But overall this indicates, that there has to be a connectivity between 

amino acid sequence and substrate specificity [29, 31]. From all coding sequences in a 

genome CAZymes account for 1-3% of the proteins [32]. Many CAZymes are multi-modular 

proteins, where the CAZyme acts as the catalytic domain and a carbohydrate binding module 

(CBM) as a non-catalytic domain [33].  

1.3.2 Polysaccharide lyases 

Uronic acids are frequently found in polysaccharides like pectin, alginate and ulvan. These 

uronic acid residues are cleaved by polysaccharide lyases via a syn or an anti β-elimination 

mechanism [34]. This mechanism differs from the one of other PLs which have a similar 

mechanism as GHs and are therefore included to this family. The syn or anti His/Tyr β-

elimination is characterized by three steps: (i) the conserved tyrosine residue in PLs acts as a 

Brønsted acid and abstracts the C-5 proton of the sugar ring, (ii) charge delocalization as 

stabilization of the anion and (iii) the cleavage of O-4:C-4 bond enabled by proton donation 

from the catalytic acid resulting in a 4,5-unsaturated bond in the hexenuronic acid and the new 

non-reducing end of the polysaccharide [35, 36]. The second mechanism is used by PLs which 

are specific to pectin substrates. Instead of an amino acid these PLs use a metal cofactor for 

stabilization of the negatively charged carboxylate group of the uronic acid. PLs are ubiquitous 

in all kingdoms of live but in contrast to GHs the distribution of them is very low which could be 

explained to the small portion of uronic acid containing polysaccharides [35]. Pectin-and 

pectate lyases are often multi-modular enzymes, which additionally contain a CBM or CE 

domain but are also found with S-layer homology or dockerin modules [29, 37]. This is well 

adapted in marine pectate lyases [20]. CBMs and other polysaccharide-binding domains 

adhere the enzymes onto the polysaccharide [38], which could increase the efficient 

degradation of the carbohydrate [39]. The multi-modular structure of the protein could be an 

advantage in the diffuse marine environment because it avoids substrate loss and promotes 
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rapid transport into the periplasm, where it is protected from competing bacteria (selfish-

bacteria) [40]. 

1.3.3 TonB dependent transporters 

Many complex polysaccharides are too large for the uptake into the bacterial cell. The initial 

degradation is mediated by CAZymes. The polysaccharides are degraded to oligosaccharides. 

For the uptake of these compounds the bacteria need an energy required transport through 

the outer membrane [41]. This energy is acquired in form of a proton motive force and the 

TonB-ExbB-ExbD complex transduces the energy to the outer membrane TonB-dependent 

transporters (TBDRs) [42]. In a next step, ATP-binding-cassette transporters or other proteins 

further translocate the substrates to the cytoplasm [42, 43]. TBDRs also mediate transport of 

vitamins, siderophores, amino acids or metals (e.g. nickel and cobalt). In contrast to CAZyme 

families, the TBDR sequences have low similarity and therefore contain a broad substrate 

spectrum [44].  

1.3.4 Polysaccharide utilization loci 

All the previously mentioned enzymes and proteins for carbohydrate utilization are mostly 

clustered in the genome in so called “polysaccharide utilization loci” (PUL). These loci 

concentrate genes for the recognition and binding, transport, degradation and sensing of 

polysaccharides [45]. The term PUL was first introduced by Bjursell et al. in 2006 and described 

the starch utilization system (Sus) in Bacteroides thetaiotaomicron [46]. The upregulation of a 

PUL is mediated by the specific polysaccharide. Nevertheless, in some cases they can be 

induced by additional sugar compounds. The PUL is often regulated by extracytoplasmic 

function sigma (ECF-σ) factor- anti-σ-factor pair or by hybrid two-component systems [47].  

1.4 Pseudoalteromonas distincta ANT/505  

The major model bacterium investigated in this thesis is Pseudoalteromonas distincta 

ANT/505. The bacterium was isolated in the Southern Ocean (58° 58.07’S and 06° 41.98’E) 

from sea-ice covered surface water [48]. In the genome of ANT/505 a PUL for pectin 

degradation was identified [48]. The 45 kb genomic region for pectin degradation is located on 

contig 16 and contains all PUL required genes, two pectate lyases (PelA and PelC), two TBDR, 

GH105 and GH28 (Figure 3). 
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Figure 3: Genomic structure of the pectin PUL in P. distincta ANT/505. Each arrow shows the 

genomic orientation of one gene in the predicted pectin PUL. dark blue: transporter, red: TonB-

dependent transporter, grey: regulator, light blue: CAZyme. 

 

In addition, a separate pectate lyase PelB was encoded in the genome outside the pectin PUL. 

The primarily responsible pectate lyases PelA and PelB show an intriguing multi-modular 

structure [20, 48]. PelA has a size of 6 kb and codes for a pectate lyase as well as a 

methylesterase domain. PelB has two additional CBMs (Figure 4). This multi-modular structure 

of pectate-lyases was only found in marine bacteria and not in terrestrial [20].  

 

 

Figure 4: Multi-modular pectate lyases PelA and PelB of P. distincta ANT/505. PelA has a protein 

size of 2052 amino acids and contains a Big5 domain, a methylesterase (CE8) and the pectate lyase of 

family 1. PelB (679 AA) has a pectate lyase domain (PL1) and two carbohydrate binding modules 

(CBM13). 
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2. Aim of the study 

This study aimed to investigate the polysaccharide degradation of marine bacteria in a 

permanent cold environment. Only little is known about the metabolic mechanisms of bacteria 

in the Southern Ocean, especially the polysaccharide degradation. Pectin is a common 

terrestrial polysaccharide found in the cell wall of plants but it is not abundant in the marine 

environment. This study aimed to characterize outer membrane extensions of 

Pseudoalteromonas distincta ANT/505, a versatile marine polysaccharide degrader isolated in 

the Southern Ocean, and investigations of the functional potential of polysaccharide 

degradation. Proteomic analyses of subcellular compartments should give insights into the 

function of the membrane extensions. Additionally, metaproteogenomic analysis was 

performed from surface water samples of the Southern Ocean. At two different sampling sites 

the polysaccharide utilization loci and the key players in the Southern Ocean were identified. 

Cultures of surface water with the addition of pectin were investigated regarding new bacterial 

pectin degraders and new pectin degradation mechanism.  
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3. Results 

The results of this thesis are divided in three parts. The study of membrane extensions and 

polysaccharide degradation in Pseudoalteromonas distincta ANT/505 and the 

metaproteogenomic study of water samples in the Southern Ocean were the main parts to this 

thesis. The proteomic study in cooperation with a group of the University of Oldenburg was 

also part of this PhD-thesis and contributed to the major topic of marine polysaccharide 

degradation.  

3.1 Functional classification of outer membrane extensions of 
Pseudoalteromonas distincta and their putative role in polysaccharide 
utilization 

3.1.1 PUL repertoire of P. distincta 

Genome analysis revealed that P. distincta ANT/505 (formerly classified as 

P. haloplanktis ANT/505) is a versatile polysaccharide utilizer, which is reflected by a high 

number of detected PULs as well as distal genes coding for polysaccharide-acquiring or -

degrading functions (Figure 5). In addition to the previously investigated pectin PUL (Figure 4) 

[20, 48], 12 other putative PULs were identified in the context of this study. Comparative 

analyses indicated that the majority of these PULs is conserved in other cold-adapted marine 

representatives of the genus Pseudoalteromonas as well (supplementary Figure 28). This 

finding indicates a wide distribution of such functions in the oceans. The genomic PUL analysis 

suggested, that besides pectin, alginate serves as another carbon source for P. distincta, 

which was confirmed by growth experiments (supplementary Figure 29). In comparison to cells 

grown on pectin, growth rates on alginate were slightly increased and the achieved maximum 

optical densities were substantially higher. 
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Figure 5: Polysaccharide utilization loci (PULs) of P. distincta ANT/505. Genomic localization on 

the respective contig is indicated. Numbers under the genes refer to the corresponding protein IDs (e.g. 

75114 corresponds to EGI75114). The distal gene cluster related to alginate utilization (PUL3) is 

additionally shown rightward. TBDR: TonB-dependent transporter, GH: glycoside hydrolase, 

PL: polysaccharide lyase, CAZyme: carbohydrate active enzyme, PKD: polycystic kidney disease 

domain. 

 

3.1.2 Morphological diversity of P. distincta ANT/505 

Microscopic analyses were carried out for cells grown under all investigated substrate 

conditions (alginate, pectin, peptone) and illustrated a remarkable morphological diversity of 

P. distincta cells (Figure 6). Strain ANT/505 revealed the formation of extracellular appendages 
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and membrane vesicles. Based on our data, the average cell length of this rod-shaped 

bacterium was determined to 1.3 µm and a width of 0.5 µm. 

 

 

Figure 6: Electron micrographs illustrating different morphotypes of P. distincta ANT/505 

growing on different substrates. a-c cells grown on alginate, d-f cells grown on pectin, g-i cells grown 

on peptone. Formed VC are marked with an arrow and thick protuberances with an asterisk, both 

produced from the outer membrane. a overview of different morphotypes of P. distincta (bar 1 µm); b 

single cell with blebs on the cell surface and a big vesicle, which size fits to a VC (bar 200 nm); c cross 

section of cells showing the thick protuberances and VC (bar 300 nm); d cells with thin tubulars (bar 

1 µm); e vertical view on one P. distincta cell with several VC (bar 100 nm); f cross section of cells 

showing thin vesicles on the surface of the cell (bar 200 nm). g cells with typical morphology of P. 

distincta (bar 1 µm); h VC and tubulars forming an intercellular network (bar 1 µm); i cross section of 

cells showing blebs on the cell surface and a VC (bar 250 nm). VC = vesicle chain. 
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Regardless of the carbon source and the growth phase (exponential and stationary growth 

phase), cells formed membrane vesicles (MV), vesicle chains (VC) and thin tubulars  

(Figure 6). The diameter of these thin tubulars exceeds the diameter of flagella (15-20 nm) 

[49], which classifies these observed tubulars as separate appendages. The tubulars reached 

lengths of up to 300 nm and had a diameter of about 20-40 nm. VC were even longer than the 

thin tubulars. With a maximum length of about 4 µm, VC can be up to threefold longer than the 

rod-shaped cells themselves (Figure 7 a). A diameter size of approximately 37 nm was 

calculated for single vesicle units from the VC which thus are remarkably bigger than the MV 

of P. distincta with a diameter size ranging from 10-18 nm (Figure 7 b, c). It could be speculated 

that some of the blebs arising from the cell surface might present the MV (Figure 6 b), which 

were clearly visible in MV-enriched fractions (Figure 7 c). 

 

 

Figure 7: Electron micrographs of membrane extensions of P. distincta ANT/505 grown on 

pectin. a scanning electron micrograph of cells with large vesicle chains (bar 1 µm); b negative staining 

of isolated vesicle chains (bar 200 nm); c negative staining of membrane vesicles (bar 200 nm). 

 

In principle, VC and MV may either arise exclusively from the outer membrane, or from both, 

the inner and the outer membrane. Based on the microscopic analysis it is assumed that MV 

protrude from the outer membrane (Figure 6 f). Bilayer MV, so called inner-outer MV, were not 

detected by TEM. Likewise, VC were also supposed to be produced as a continuum of the 

outer membrane, as illustrated by TEM analyses of ultra-thin cell sections (Figure 6 c, i). 

Vesicle units of VC were arranged in a structured form, where vesicles were interconnected 

with each other, but not strangulated (Figure 7 b). In some cases, VC connected two single 

cells with each other. Some cells were additionally connected by the thin tubulars (Figure 8). 
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Figure 8 Scanning electron micrographs of intercellular VC-bridges of pectin-grown P. distincta 

ANT/505. a, b P. distincta cells with VC which connect two single cells. c VC-established intercellular 

network between several cells over long distances. Bars 1 µm. VC: vesicle chain 

 

Unlike VC and MV that arise from the outer membrane, tubulars may consist of extracellular 

polymeric substances (EPS), as reported in other studies [50, 51]. Proteome analysis revealed 

that P. distincta produces a putative exopolysaccharide biosynthesis protein (EGI73895), a 

capsular polysaccharide biosynthesis protein (EGI73894) and polysaccharide export proteins 

(EGI74679, EGI74701, EGI74704) during all growth conditions tested, except for EGI73894. 

Tubular connections between cells were observed on solid and in liquid media, whereas cell 

aggregations in the latter one were often additionally encapsulated by putative EPS layers 

(supplementary Figure 30). 
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Figure 9: Scanning electron micrographs of alginate-grown P. distincta ANT/505. a, b cell division 

of large deformed cells within the alginate-grown subpopulations 

 

Although most observations were thus universal for all conditions tested, two specific 

morphological features were identified during growth on alginate. First, alginate seemed to 

trigger the formation of large coccoid deformed cells (Figure 6 a). With an average length of 

2.5 µm and a width of 1.5 µm, these enlarged cells were twice as large compared to the typical 

rod-shaped cells. Microscopic analyses indicated that representative cells of this large 

subpopulation are able to perform cell division (Figure 9 b). Second, alginate-grown cells 

produced thick protuberances, which greatly diverged in structure and size from the VC and 

thin tubulars observed under all other growth conditions. The thick protuberances reached 

maximum lengths of 400 nm and an average diameter of 188 nm (Figure 6 a, c). However, so 

far the separation of these deformed cells was not successful. 

P. distincta ANT/505 is also producing phages (Figure 10). Three genomic islands with genes 

for the prophages were detected. Genomic analysis of this regions with PHASTER [52] results 

in three different type of phages.  
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Figure 10: Electron micrographs of P. distincta ANT/505 phages. a negative staining of membrane 

vesicles and phages. b negative staining of a phage.  

 

Region 1, located on contig 22, showed an incomplete phage region (Figure 11). Most blast 

hits of this region belonged to the phage Aeromo_phiO18P. In accordance with PHASTER, 

the second phage on contig 27 is an intact phage with similarity to phage Escher_D108 and 

the third incomplete phage on contig 28 showed an affinity to phage Klebsi_phiKO2. Most of 

the phage proteins that were detected in the proteomes belong to the phage on contig 22. Coat 

proteins and portal proteins were expressed for all phages. The tail shaft proteins were only 

encoded for the Aeromo_phiO18P and Escher_D108, whereas an integrase encoded 

exclusively for Aeromo_phiO18P.  
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Figure 11: PHASTER results of contig 22 of P. distincta ANT/505. Completeness of the phage is 

questionable due to the score system of PHASTER [52]. Most genes show similarity to those of phage 

Aeromo_phiO18P. Asterisks mark the proteins which were found in the subproteomes. Figure was 

created by Daniel Bartosik. 

 

3.1.3 Subproteomic analyses of P. distincta ANT/505 with three different carbon 

sources 

In order to examine the function of these detectable extracellular compartments of P. distincta, 

comparative subproteome analyses were performed. For this purpose, four individual 

subproteomes, i.e., all proteins in the VC-enriched fraction, in the MV-enriched fraction, in the 

intracellular soluble protein fraction and in the outer membrane protein fraction were analyzed 

and compared, to identify subcellular protein functions. At the same time, different carbon 

sources were used to analyze substrate-specific responses.  

Subcellular localization prediction with PSORTb [53] for all identified proteins revealed that the 

total number of cytoplasmic, membrane-bound, periplasmic and extracellular proteins varied 

only slightly between the different substrates and individual subproteomes (supplementary 

Figure 31). However, more pronounced differences were observed when relative protein 

abundances (rather than numbers) within the samples were compared (Figure 12).  
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Figure 12: Contribution of cytoplasmic, membrane-bound, periplasmic and extracellular proteins 

to overall protein abundance in all sample types. Abundance of proteins (sum %riBAQ values) per 

predicted subcellular localization is indicated for the individual subproteomes (IC: intracellular soluble, 

VC: vesicle chain, MV: membrane vesicle, OM: outer membrane) of peptone-, pectin- and alginate-

grown cells of P. distincta ANT/505. Localization was predicted using PSORTb [53] 

 

While cytoplasmic proteins contributed to approximately 82% of the relative protein abundance 

in the intracellular fractions, they made up only up to 15% in the VC, MV and OM fractions. VC 

and MV fractions, on the other hand, were particularly rich in outer membrane (22%) and 

extracellular proteins (15%), compared to the intracellular soluble proteome (3,8% and 1,6%, 

respectively). In addition, compared to the outer membrane fractions, periplasmic proteins and 

proteins of unknown functions were more abundant in MV and VC. Based on SignalP [54] 

analyses, an average of 37% of those unknown proteins contained a type I signal peptide and 

25% contained a type II lipoprotein signal peptide, indicating that these proteins are localized 

in the membranes, periplasm or extracellular space. 

Noteworthy, proteins from all PULs were quantified in MV and VC fractions under all conditions. 

However, especially pectin PUL-encoded proteins were very prominent in MV and VC of 

pectin-grown cells, as well as proteins encoded in the distal alginate utilization gene cluster 

that dominated in MV and VC of alginate-grown cells (Figure 13 a). Regardless of the 

substrate, proteins encoded in a PUL of unknown function (PUL 5) were highly abundant in 

the MV and VC proteomes (Figure 13 a). This high abundance was mainly due to two PUL 5-

encoded alkaline phosphatases (EGI73112 and EGI73113), which were greatly enriched in 

both fractions (Figure 13 b). Other PUL 5-encoded proteins were only quantified in MV and VC  
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fractions, such as a PKD domain-containing protein (EGI73106) and a protein of unknown 

function (EGI73109), both of which contain signal peptides. PKD domains are assumed to 

mediate either protein-carbohydrate or protein-protein-interactions, which might be of great 

importance in the marine environment [55].  

 

 

Figure 13: Abundance of PUL-encoded proteins. The abundance of PUL-encoded proteins is 

indicated for the different subproteomes (IC: intracellular soluble, VC: vesicle chain, MV: membrane 

vesicle, OM: outer membrane) of peptone-, pectin- and alginate-grown cells of P. distincta ANT/505. a 

Summed abundance values (sum %riBAQ) of PUL-encoded proteins for each identified PUL as well as 

a distal gene cluster related to alginate utilization (for more information on PULs see Figure 5). b 

Individual protein abundance values (%riBAQ) of PUL 5-encoded proteins contributing to the overall 

abundance of all PUL 5-encoded proteins shown in a. Please note that protein abundance values should 

only be compared within the same subproteome. Operons were predicted using FGENESB [56]. 

 

Of the total of 54 TonB-dependent transporters encoded in the P. distincta genome, 52 were 

quantified as proteins in this study. These transporters were functionally classified according 

to their putative substrates as TIGRFAM categories TIGR01778 (trace elements), TIGR01779 

(vitamin), TIGR01782 (polysaccharide), TIGR01783 (siderophore), TIGR01785 (protein) and 

TIGR01786 (protein) (Figure 14 a) by using the NCBI Conserved Domain Database [57, 58]. 

Especially in MV and VC of pectin-grown cells, polysaccharide-related TBDRs were more 

abundant than TBDRs for vitamin- or siderophore acquisition, compared to the outer 

membrane and compared to cells grown on peptone. Among various quantified carbohydrate 

TBDR proteins, alginate- or pectin-specific TBDRs were highly abundant under the respective 

condition (Figure 14 b). 
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Figure 14: Abundance of TBDRs. The abundance of TBDRs is indicated for the different 

subproteomes (IC: intracellular soluble, VC: vesicle chain, MV: membrane vesicle, OM: outer 

membrane) of peptone-, pectin- and alginate-grown cells of P. distincta ANT/505. a Summed abundance 

values (sum %riBAQ) of 54 TBDRs grouped by their putative functional classification. b Individual 

protein abundance values (%riBAQ) of selected polysaccharide-specific TBDRs contributing to their 

overall abundance shown in a. Functional classification was based on TIGRFAM [58]. Please note that 

protein abundance values should only be compared within the same subproteome. TBDR: TonB-

dependent receptor. 

 

Taking a closer look at pectin and alginate-degrading enzymes in the different subproteomes, 

polysaccharide-depolymerizing enzymes as well as transporters were found to be highly 

abundant in MV and VC fractions, whereas oligomer-degrading or monomer-metabolizing 

proteins were less abundant in these subproteomes (Figure 15, Figure 16, supplementary 

Table 19, 20, 21). Not only PUL-encoded proteins were enriched in these membrane 

extensions, but also proteins encoded distal to the PUL (supplementary Figure 32, Figure 33).  

Starting with pectin, the results concerning pectin utilization-related proteins corresponded to 

findings of Hehemann et al. [20]. Proteins that are active on the polysaccharide chain and 

transporters that mediate uptake of oligomeric pectate during pectin utilization were also highly 

abundant in membrane extensions of P. distincta during growth on pectin as the sole carbon 

source (Figure 15). The putative outer membrane-anchored PUL-encoded pectate lyase PelA 

(EGI73601) was one of the most abundant proteins in MV and VC fractions (supplementary 

Table 20). The pectin PUL-encoded TBDR proteins EGI73602 and EGI73616 showed even 

higher abundance in the MV and VC subproteomes, with EGI73616 as the most abundant 

protein in cells grown on pectin (supplementary Table 20). But also other non-PUL-encoded 

TBDRs were enriched in membrane extensions of pectin-grown cells and thus might be 

involved in the uptake of related oligosaccharides (supplementary Figure 32). 

The putative periplasmatic located GH105 (EGI73610) was abundant in the MV and VC 

fractions. Monosaccharide transporters (TRAP-transporters: EGI73596, EGI73597, 
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EGI73598), or proteins, which are involved in the degradation of monosaccharides were less 

abundant in MV and VC fractions. In summary, a predominant percentage of the pectin PUL-

encoded proteins and other proteins involved in pectin destruction were detected in the 

membrane extensions. At the same time, especially proteins that catalyze the first steps of 

degradation and import of produced products were enriched in the surface structures. Taken 

together, the summed-up abundance of pectin PUL-encoded proteins ranged between 14-19% 

of the overall MV or VC proteome compared to 7-8% in the intracellular soluble or outer 

membrane fraction. 

 

 

Figure 15: Abundance of pectin utilization proteins in membrane extensions. a Putative pectin 

degradation pathway in P. distincta [59]. b Abundance (%riBAQ) of the pectin-specific proteins within 

the different subproteomes (OM: outer membrane, MV: membrane vesicle, VC: vesicle chain) of pectin-

grown cells of P. distincta ANT/505. Asterisks mark low-abundant proteins. TBDR: TonB-dependent 

receptor, GH: glycoside hydrolase, TRAP: Tripartite ATP-independent periplasmic transporter, KDG: 2-

keto-3-desoxy-gluconate, KDPG: 2-keto-3-desoxy 6-phosphogluconate. Please note that protein 

abundance values should only be compared within the same subproteomes. 
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A similar picture was detected for the alginate-utilizing proteins in membrane extensions of 

P. distincta. Two PUL-encoded alginate lyases, EGI71377 (PL5) and EGI71376 (PL6), were 

quantified in MV and VC fractions (Figure 16 b) (supplementary Table 19, 20, 21). Proteome 

analysis revealed that also other, non-PUL-associated proteins were abundant during growth 

on alginate, indicating their putative role in alginate utilization. This was supported by dbCAN2 

[60] and CDvist [61] analysis, which classified three proteins of formerly unknown functions as 

polysaccharide lyases (PLs). One was identified as a PL6 (EGI71760) and belongs to a distal 

gene cluster for alginate utilization consisting of the PL6 and two TBDRs. The two other 

unknown proteins could be assigned to PL family 7 (EGI71436) and 18 (EGI71949). In addition, 

CDvist identified a dystroglycan-type cadherin-like protein (EGI74527) to possess a 

polysaccharide lyase domain. Comparison of this lyase with corresponding proteins from 

different Pseudoalteromonas species revealed that all these proteins also possess the same 

PL domain at their C-terminus.  

 

 

Figure 16: Abundance of alginate utilization proteins in membrane extensions. a Putative alginate 

degradation pathway in P. distincta. b Abundance (%riBAQ) of the alginate-specific proteins within the 

different subproteomes (OM: outer membrane, MV: membrane vesicle, VC: vesicle chain) alginate-

grown cells of P. distincta ANT/505. Asterisks mark low-abundant proteins. AL: alginate lyase, 

PL: polysaccharide lyase, TBDR: TonB-dependent receptor, MFS: Major facilitator superfamily 

transporter, KDG: 2-keto-3-desoxy-gluconate, GAP: glyceraldehyde 3-phosphate. Please note that 

protein abundance values should only be compared within the same subproteome. 
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In comparison to alginate-depolymerizing lyases, membrane extensions were even more 

enriched in alginate-specific TBDR transporters, which was similar to results with pectin. All of 

the transporter proteins were non-PUL-encoded (supplementary Figure 33). The periplasmic 

PUL-encoded oligosaccharide-degrading PL5 (EGI71377), as well as a PUL-encoded inner 

membrane associated transporter (EGI71379; major facilitator superfamily transporter 

identified with Pfam [62]) were also quantified in the MV and VC proteomes, but with lower 

abundances, which was similar to their abundance in the other subproteomes (Figure 16). 

Corresponding to the results for pectin utilization, proteins catalyzing downstream processing 

of alginate-derived monosaccharides dominated in the intracellular soluble proteome. 

The detected proteome signatures demonstrated that the required proteins for alginate- and 

pectin utilization are substrate-specifically expressed during growth on the respective carbon 

source, which had been demonstrated in the case of pectin before [20]. Carbohydrate 

utilization-associated proteins encoded distal to the PULs were also highly abundant in 

response to both pectin and alginate. These included e.g. polysaccharide lyases and TBDRs 

(supplementary 

Figure 32, Figure 33). When comparing the relative abundance of polysaccharide utilization 

proteins between pectin-grown cells and alginate-grown cells, proteins related to pectin 

utilization were highly abundant in pectin-grown cells, compared to low-abundant alginate-

utilizing proteins in alginate-grown cells. In addition, 13 pectin-PUL-encoded proteins were 

exclusively quantified in pectin-grown cells, whereas results for alginate indicated a general 

basal expression of the alginate PUL. On the one hand, this might indicate that alginate is 

more accessible as a substrate compared to pectin, which was also reflected in corresponding 

growth curves (supplementary Figure 29). On the other hand, a mixed population of average-

sized and large cells might shift protein proportions. One could speculate that enlarged cells 

concentrate their protein synthesis machinery e.g. on structural proteins. Separating large from 

small sized cells and, more importantly, unraveling the function of so far unclassified proteins 

may give more answers. 
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3.2 Metaproteogeomics of the Southern Ocean 

During the Polarstern cruise PS112-ANTXXXIII/3 from 17.03 – 06.05.2018 in the Southern 

Ocean two sampling sites were investigated (Figure 17). 

 

 

Figure 17: Map of the two sampling sites during Polarstern cruise PS112-ANTXXXIII/3 from 

17.03 – 06.05.2018 in the Southern Ocean. Sampling site 1 (S1) near Elephant Island (61°00‘43.2“S, 

54°59‘42.36“W) and sampling site 2 (S2) south of Clarence Island in the Bransfield Strait (61°59‘43.8“S, 

53°59‘48.6“W). (www.openstreetmap.org, date: 06.01.2021) 
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3.2.1 Phylogenetic classification of bacteria in the Southern Ocean 

Particle-associated bacteria 

16S-rDNA sequencing was performed to gain an overview of the bacterial community at two 

sampling sites in the Southern Ocean. The bacteria were subdivided in particle-associated and 

free-living bacteria by analyzing 10 µm and 3 µm filters as well as 0.2 µm filter, respectively. 

The particle-associated bacteria can be attached to algae, micro- or nanoplankton. The free-

living bacteria can be associated with picoplankton but are mainly swimming in the water 

column. With 43% on the 10 µm filter and 38% on the 3 µm filter, the Bacteroidetes was the 

most abundant phylum within the particle-associated bacteria at sampling site 1 (S1) near 

Elephant Island (Figure 18). Within the Bacteroidetes the family of Flavobacteriaceae was the 

predominant class with 36% on the 10 µm and 34% on the 3 µm filter. The 

Gammaproteobacteria amounted up to 30% and the Alphaproteobacteria up to 20%. The most 

abundant family in the Alphaproteobacteria class was the SAR11 Clade I with 13.9% in the 

3 µm fraction.  

The bacterial distribution on sampling site 2 (S2) differs from S1. With 70.4% the 

Gammaproteobacteria was the most abundant class and more than the half of this was 

contributed to the Alteromonadaceae family (48.2%) in the 10 µm fraction. Within the 3 µm 

fraction the Gammaproteobacteria amounted to 57.4% and nearly the half (24.4%) thereof 

belonged to the Colwelliaceae family and 16.8% to the Pseudomonadaceae. Compared to 

sampling site 1 the Bacteroidetes were less abundant with 17.3% in the 10 µm and 24.7% in 

the 3 µm fraction. The particle associated Alphaproteobacteria were less abundant at S2. 

Free-living bacteria 

With 67.3% the Alphaproteobacteria represented the most abundant class of free-living 

bacteria at sampling site 1, of which remarkable 60% belonged to the SAR11 Clade I family. 

The Bacteroidetes and Gammaproteobacteria amounted up 14.8% and 17.6% respectively. 

Within the Bacteroidetes the Flavobacteriaceae summed up to 13.9% (Figure 18). Therefore, 

the abundances are reversed compared to the particle associated bacteria. The Nitrincolaceae 

was the most abundant family within the Gammaproteobacteria at S1 (8.7%). At sampling site 

2 the bacterial distribution is not as clear as it was at S1. With 25.6% the SAR11 Clade I was 

the most abundant family but not as unambiguous as at S1. The Colwelliaceae accounts to 

23% at S2. The percentage of the Arcobacteraceae within the Epsilonproteobacteria summed 

up to 11.8% at sampling site 2 and was 50-fold increased compared to S1. 
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Figure 18: Phylogenetic classification of bacteria in the water samples. Abundance of particle-

associated and free-living bacteria on the filters of the sequential surface water filtration at both sampling 

sites. Phylogenetic classification via V3-V4 region of the 16S-rDNA and search against the latest SILVA-

database. S1: sampling site 1, S2: sampling site 2. 

 

 

3.2.2 Sequencing results 

Sequencing and assembly of the metagenomic data resulted in 35 470 contigs longer than 

2 500 bp in the water samples at S1 and 30 346 contigs at S2 (Table 1). Smaller contigs were 

not used for further analysis, because genomic information on these contigs is insufficient. The 

longest contig at S1 contained ~500 kb and ~750 kb at S2. The number of coding sequences 

on both sampling sites differed slightly with 182 822 (S1) and 179 077 (S2). Hypothetical 

proteins amounted to 30% in both samples.  
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 Table 1: Genomic characteristics of the metagenome samples from surface water.  

 

3.2.3 CAZyme identification and quantification 

CAZyme analysis revealed a total of 2 920 CAZymes (GH, GT, PL, CE) at S1 and 2 546 

CAZymes at S2 were identified (Table 2).  Most of the CAZymes that were found at both 

sampling sites were GTs but none of them was PUL associated. The metagenome of S1 

contained more GHs (1 179) than the metagenome of S2 (956). The functional potential of 

polysaccharide degrading enzymes is thus available but the abundance of these enzymes in 

the proteome is negligible. Only four CAZymes were quantified at S1, three GH16s and one 

GT5. The GH16 was found within a PUL dedicated to laminarin degradation (Figure 19 

contig 30). At S2 three GHs, GTs and CEs were quantified respectively. The GHs belonged to 

the families 2, 73 and 103. The CEs of family 9 and 11 were classified as N-acetylglucosamine 

deacetylases. None of the quantified GHs in the proteome at S2 were PUL associated and 

due to the diversity of enzymes in these classes no substrate specificity could be defined for 

these CAZymes. 

Table 2: Summary of identified CAZymes at both sampling sites. 

 Sampling site 1 Sampling site2 

 Found in 

metagenome 

PUL 

associated 

Found in 

metagenome 

PUL 

associated 

Glycoside hydrolase 1 179 132 956 120 

Glycosyl transferase 1 380 - 1 268 - 

Polysaccharide 

lyase 

51 20 52 17 

Carbohydrate 

esterase 

330 5 270 2 

     

∑ 2 920 157 2 546 139 

 

 S1 S2 

contigs (total) 1 791 140 1 190 074 

contigs >2 500 bp 35 470 30 346 

Number of bases (Mb) 199.5 195.1 

GC content (%) 40.0 41.3 

   

Coding sequences 182 822 179 077 

Number of rRNA sequences 147 142 

Number of tRNA sequences 2 549 2 242 

Hypothetical proteins 59 227 58 568 
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3.2.4 Identification and quantification of TonB-dependent transporters in the Southern 

Ocean 

TonB-dependent transporters are required for the uptake of large molecules e.g. 

polysaccharides. Nearly all TBDRs, which were quantified in the proteome, belonged to the 

Bacteroidetes or Proteobacteria. In the metagenome of S1 a total of 676 TBDR/SusC were 

identified and 296 were quantified in the metaproteome (Table 3). 98 of the quantified TBDRs 

were Bacteroidetes specific (4.2%) out of which 57 were classified as SusC transporters 

(2.27%). The genus Polaribacter was the most common bacterial clade within the 

Bacteroidetes, which corresponds to a high abundance of respective TBDR/SusC proteins 

(0.9%). A higher total number of TBDRs (168) but with decreased abundance (2.9%) was 

determined for the Gammaproteobacteria. The most abundant TBDR belonged to the species 

SAR92 clade bacterium (0.49%). For S2 660 TBDR/SusC were detected in the metagenome 

data and 330 were quantified in the metaproteome. The phylogenetic distribution of TBDRs 

was similar to S1. 220 TBDRs were related to the Gammaproteobacteria and 81 to the 

Bacteroidetes. In contrast to sampling site 1, the majority of the detected TBDRs in the 

proteome belonged to the Gammaproteobacteria with 2.28%, whereas the Bacteroidetes 

TBDRs amounted to 1.86% of the proteome. 69 TBDRs from the Gammaproteobacteria were 

assigned to the genus Colwellia with an abundance of 0.67%. The SAR92 clade contributed 

with 26 TBDRs and 0.36% to the proteome.  

Table 3: Overview of the quantified TonB-dependent receptors. Abundance of TBDR in the 

proteome of both sampling sites and the taxonomical classification of these TBDR. 

 Sampling site 1 Sampling site2 

Taxonomical class Number of 

TBDR 

Abundance 

%NSAF 

Number of 

TBDR 

Abundance 

%NSAF 

Bacteroidetes 98 4.20 81 1.85 

Proteobacteria     

Alphaproteobacteria 12 0.5 13 0.19 

Gammaproteobacteria 168 2.88 220 2.2 

Epsilonproteobacteria 0 0 0 0 

other 18 0.42 16 0.2 

     

∑ 296 8.0 330 4.5 

 

3.2.5 PUL identification 

The PUL distribution between the two sampling sites is nearly equivalent. At S1 69 PULs were 

identified compared to 71 PULs at S2 of which 22 PULs were found at both sampling sites. 

Substrate identification based on CAZyme composition (Table 4).  
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Table 4: PUL substrate guideline. Classification of putative PUL-substrates on the basis of CAZyme 

composition. 

CAZyme composition Putative substrate 

GH3 + GH16, GH17 Laminarin 

GH13 Alpha-glucan 

GH10, GH11 Xylose-containing polysaccharide 

GH29, GH95, GH141 Fucose-containing polysaccharide 

GH86 + GH29 Porphyrin 

GH92, GH130, GH26 Mannose-containing polysaccharide 

PL6, PL7, PL17 Alginate 

PL1, PL4, PL9, PL10, GH28, GH105 Pectin  

 

The majority of the identified PULs encoded CAZymes targeting alpha-glucan polysaccharides 

followed by alginate (Table 5). One PUL, responsible for the degradation of glucan-containing 

and fucose-containing polysaccharides was only detected at sampling site 1. All other 

substrates were found at both locations, where S1 comprised more specific PULs for 

polysaccharide degradation than S2 (Table 5). The number of PULs for the degradation of 

unknown substrates is higher at S2 (47) compared to S1 (37). 

Table 5: Number of identified PULs in the metagenomes of the water samples at both sampling 

sites. 

 Number of PULs 

Polysaccharide Sampling site 1 Sampling site 2 

Alginate 7 8 

Alpha-glucan 10 9 

Glucan-containing 1 0 

Fucose-containing 1 0 

Mannose-containing 3 2 

Laminarin 3 1 

Pectin related 3 1 

β-(1→3)-gluco oligosaccharide 2 2 

Galactoside 2 1 

Unknown 37 47 

∑ 69 71 

 

The alginate degrading PULs showed specific differences between the two sampling sites. For 

example, four PULs for alginate degradation at S1 contain a SusC/D pair, which is specific for 

Bacteroidetes species and three PULs contain TBDRs (Figure 19). At S2 only TBDRs and no 

SusC/D pair were found in alginate degrading PULs (Figure 20). Taxonomical classification  
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confirmed that the four PULs at S1 belong to the Bacteroidetes class and that the other three 

alginate PULs were related to the Gammaproteobacteria. The eight alginate PULs at S2 

belong to Gammaproteobacteria, most of them to the Alteromonadales. This scheme is also 

reflected within the alpha-glucan degrading PULs. Four PULs at S1 contain a SusC/D pair and 

all of them belong to the Bacteroidetes, whereas all alpha-glucan PULs at S2 belong to the 

Gammaproteobacteria, especially Colwellia species (8 of 9 PULs). The comparison of PUL 

taxonomical classification at both sampling sites also results in the before mentioned 

differences. At S1 38 of the 69 PULs have a SusC/D pair and were classified as Bacteroidetes. 

In addition, 5 PULs which only have a TBDR belong to this phylum. The remaining 26 PULs 

were identified for Gammaproteobacteria. At sampling site 2 the taxonomical PUL distribution 

is conversely. Only 11 PULs contain a SusC/D pair and 4 PULs have a TBDR belonging to the 

Bacteroidetes phylum and 56 PULs were identified for Gammaproteobacteria. 
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Figure 19: Selection of PULs found in the metagenome at sampling site 1. 
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In smaller contigs the PUL regions were shorter compared to longer contigs. Those PULs were 

incomplete because of alignment limitations of the sequencing reads. These genomic regions 

were only identified as a PUL if a CAZyme and a TBDR were found (Figure 20, contig 3596). 

As a consequence, PULs with only three genes were identified. It was not possible to extend 

these PULs with sequencing data from the other sampling site, because the proteins were 

exclusively found at one location. However, the detection of these short regions indicates, that 

there could be a putative PUL with more enzymes for the degradation of the specific substrate. 

One shared PUL at both sampling site is very complex (Figure 20, contig 148). This PUL 

contains 13 GHs of nine different families and two SusC/D pairs. The latter was also found in 

the metaproteome. Due to the high diversity of GHs, it was not possible to predict a putative 

substrate for this PUL. In addition, some CAZymes with multi-modular function were found. A 

GH99 has an additional sulfatase domain and three further sulfatases in the PUL (Figure 19 

contig 62).  

PUL associated proteins in the proteome of S1 and S2 make up to 0.88% and 0.33% 

respectively. These abundances were distributed to SusC/D pairs and TBDRs with 0.79% of 

all PUL proteins at S1 and 0.20% at S2. Therefore, the majority of detected PUL proteins were 

transporters. As mentioned before one PUL associated CAZyme was identified in the 

proteome of S1, a GH16 in the laminarin degrading PUL which is classified to Bacteroidetes 

(0.0027%) (Figure 19).  
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Figure 20: Selection of PULs found in the metagenome at sampling site 2. 

  



Results 

33 
 

3.2.6 Identification of bacterial key players in the Southern Ocean 

The last metaproteomic studies of bacteria inhabited the water column in the Southern Ocean 

were published in 2012 and 2013 [63, 64]. This study focused on the identification of the key 

players in the water column at two different sampling sites and intended to relate them to 

metabolic pathways. The two sampling sites differ in the proteomic distribution concerning the 

taxonomical classification of proteins. Most proteins at both sampling sites were of bacterial 

origin and amounted to 80.7% and 84.2%, respectively. Proteins related to Eukaryota 

contributed to 5.5% at S1 and 2.9% at S2 (Figure 21 a, Figure 22 a). Most of the eukaryotic 

proteins belonged to the genus Teleaulax, Florenciella and Phaeocystis. Archaeal and viral 

proteins were less abundant (< 1%) (Figure 21, Figure 22). The taxonomic class level showed 

major differences in the abundance of proteins associated with the Epsilonproteobacteria. 

These proteins were 27-fold increased at sampling site 2 (12.48%) (Figure 22) compared to 

sampling site 1 (0.46%). Half of the proteins dedicated to the Epsilonproteobacteria belong to 

the genus Arcobacter. The Alphaproteobacteria were twice as much abundant at S1 compared 

to S2. Within the Alphaproteobacteria, the taxonomical orders Rhodobacterales and 

Pelagibacterales showed equal abundance at S1 (both ≈ 8.4%) (Figure 21). At S2 the 

abundance of Rhodobacterales was 4-fold increased compared to the Pelagibacterales (7.8% 

and 1.8% respectively) (Figure 22). The most abundant species within these orders were 

Planktomarina temperata and Candidatus Pelagibacter ubique. The latter was also the most 

abundant species at S1 (3.9%). The taxonomical classification of proteins showed that the 

Gammaproteobacteria were more abundant at S2 (45%) compared to S1 (31%). This is in 

good agreement with the phylogenetic classification of the 16S-rDNA sequencing (Figure 18). 

The remarkable divergence within this taxonomical class at the two sampling sites is referable 

to the genus Colwellia, which belongs to the Alteromonadales. At S1 only a minor percentage 

of Colwellia proteins was detected (3.6%) whereas at S2 this represented the most dominant 

genus (24.2%). 
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Figure 21: Taxonomical distribution of quantified proteins at sampling site 1. A taxonomical 

classification on class level, B on order level, C on genus level. [65] 
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Figure 22: Taxonomical distribution of quantified proteins at sampling site 2. A taxonomical 

classification on class level, B on order level, C on genus level. [65] 
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3.2.7 Distribution of abundant proteins at the two sampling sites in the Southern 

Ocean 

Overlaps of the 100 most abundant proteins between the two sampling sites were only 

observed for ribosomal proteins (4% at S1, 6.4% at S2, percentages refer to the overall 

metaproteome). At S1 these 100 proteins make up to 20% of the proteome. The percentage 

of TBDRs and SusC proteins was calculated to 3.5%, thus nearly half of the total TBDR/SusC 

amounts were found in the 100 abundant proteins (compared to Table 3). Metabolism related 

proteins sum up to 6.6% of the 100 most abundant proteins and, apart from TBDRs, mostly 

account for ATP synthases. The taxonomical classification of the proteins is divided in 

Eukaryota, Bacteroidetes and Gammaproteobacteria. Eukaryotic proteins comprised 10 of the 

100 proteins (2%) at S1. These proteins were grouped into ATP synthases and ribulose 

bisphosphate carboxylase, which is responsible for the first major step in carbon fixation. At 

S2 the 100 most abundant proteins accounted for 16.6% of the proteome. The number of 

TBDRs was significantly decreased compared to S1. Three TBDRs were found in the 100 most 

abundant proteins and accounted for 0.47% only. A further decrease was observed for the 

metabolism (4.4%), but noticeably the ATP synthases were twice as abundant as at S1. The 

taxonomical classification is divided into the same classes as at S1, but the 

Gammaproteobacteria were more abundant. Only five proteins belonged to the Bacteroidetes 

and Eukaryota, respectively.  

 

3.2.8 Functional classification of bacterial proteins in the Southern Ocean 

In order to determine the metabolic differences between the key players of the two sampling 

sites, protein functions were analyzed. Therefore, the COG database [66] was used and the 

proteins were assigned to main roles and subroles. Figure 23 shows the distribution of COG 

main roles for both sampling sites. Most of the proteins were assigned to the functional role of 

information storage and processes (28.9% and 30.5%). Within this group the majority of 

proteins were categorized as proteins for translation, ribosomal structure and biogenesis. The 

only difference within this main role was detected for the Epsilonproteobacteria, which are 

more abundant at S2 (5%) compared to S1 (0.4%). A total of 26.1% (S1) and 27.4% (S2) of 

the proteome were related to metabolic functions (Figure 23). At S1 the distribution of 

Flavobacteria, Gamma- and Alphaproteobacteria in this COG category was nearly the same. 

While the Alphaproteobacteria and the Flavobacteria were less abundant in metabolic activities 

at S2 the Gamma- and Epsilonproteobacteria showed higher abundances.  
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Figure 23: Functional classification of quantified proteins to mainroles at both sampling sites. 

Functional assignment of proteins with the Cluster of Orthologous Groups (COG) database [66]. Protein 

abundance is summed up in %NSAF. Taxonomical classification on class level is shown for the most 

abundant taxa. Proteins which can be assigned to two different main roles were categorized as 

‘miscellaneous’. S1: sampling site 1, S2: sampling site 2. 

 

As illustrated in Figure 24 the COG category ‘metabolism’ is divided into eight subroles. At S2 

the highest metabolic activity was related to the subrole ‘energy production and conversion’. 

ATP synthases, cytochromes and other electron transfer related proteins are grouped in this 

subrole, which was dominated by the group of Gammaproteobacteria (6.5%). Proteins of the 

Epsilonproteobacteria were predominantly related to the subroles ‘energy production and 

conversion’ (2.3%) followed by ‘carbohydrate transport and metabolism’ (0.74%). Proteins 

dedicated to Flavobacteria were less abundant at both sampling sites in the metabolic 

subroles, except the ‘inorganic ion transport and metabolism’. This metabolic subrole was 
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dominated by Flavobacteria at S1 (4.91%). All the TBDRs/SusC transporters were assigned 

to this category and those were more abundant at S1 compared to S2 (see chapter 3.2.4) 

 

 

Figure 24: Metabolic subrole distribution of proteins which were assigned to the COG-main role 

“metabolism” [66]. Protein abundance is shown in %NSAF. Taxonomical classification on class level 

is shown for the most abundant taxa. S1: sampling site 1, S2: sampling site 2. 
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3.3 Pectin-dependent enrichment cultures 

At both sampling sites a cultivation approach with 0.2% citrus pectin was carried out for 

identification of new pectin degrading bacteria. From these cultures a 16S-rDNA and a 

metagenome sequencing were performed. Unfortunately, no metaproteome analysis could be 

carried out due to insufficient amounts of sample material. 

3.3.1 16S-rDNA-sequencing 

At S1 17 bacterial families were identified. Among them, the Colwelliaceae was the most 

abundant bacterial family with 55% of all identified bacteria followed by a Gracilibacteria 

bacterium (20%) [67], Pseudoalteromonadaceae (17 %) and Shewanellaceae (6.6%)  

(Figure 25). The abundance of Flavobacteriaceae was significantly decreased in the enriched 

cultures compared to the surface water samples Figure 18. These bacteria only account 0.09% 

at S1. Sampling site 2 showed a notably higher diversity of identified bacteria (23 different 

bacterial families), but still the Colwelliaceae represented the dominant family with 51%. In 

contrast to S1, the Pseudoalteromonadaceae were also highly abundant with 43%. Identical 

to S1, the Flavobacteriaceae were less abundant in the enriched cultures at S2 (0.07%). At 

both sampling sites the Alphaproteobacteria were less abundant with 0.15% and 0.08% 

respectively.  
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Figure 25: Phylogenetic classification of bacteria in the pectin culture samples. Phylogenetic 

classification via V3-V4 region of the 16S-rDNA and search against the latest SILVA-database. S1: 

sampling site 1, S2: sampling site 2. 

 

3.3.2 Functional potential of enriched cultures 

The metagenome analyses of the enriched cultures resulted in 8 683 contigs for S1 and 2 085 

contigs for S2 (supplementary Table 18). The PUL repertoire is nearly identical to that of the 

filtered water samples. In the enriched cultures of S1 a total of 69 PULs were identified (Table 

6). The most abundant PULs (14) were those with a GH13 responsible for degradation of 

α-glucans. For 44 PULs no substrate could be predicted. In the enriched cultures of S2 only 

39 PULs were identified, the majority of which is targeting alginate (Table 6). Both sampling 

sites shared 14 PULs. Despite the fact that the cultures were cultivated with citrus pectin there 

were no PULs or proteins identified for pectin degradation. Only one PUL with a polysaccharide 

lyase of family 4 for the degradation of rhamnogalacturonan was found in the cultures at S1. 

All PULs contain a TBDR but none of them is classified as a SusC. This correlates with the 

taxonomical classification of the proteins in the PULs, because all of the proteins belong to  
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Gammaproteobacteria, mostly to the order Alteromonadales.  

Table 6: Number of identified PULs in the metagenomes of the cultured samples at both sampling 

sites. 

 Number of PULs 

Polysaccharide Sampling site 1 Sampling site 2 

Alginate 5 9 

Alpha-glucan 14 6 

Glucan-containing 0 0 

Fucose-containing 2 0 

Mannose-containing 1 1 

Laminarin 2 1 

Rhamnogalacturonan 1 0 

β-(1→3)-gluco oligosaccharide 0 0 

Xylose-containing 0 1 

Unknown 44 21 

∑ 69 39 

 

The taxonomical classification of the proteins corresponds well to the results of the 16S-rDNA 

sequencing. Most of the proteins at both sampling sites were identified as proteins of the 

Colwelliaceae followed by Pseudoalteromonadaceae. No proteins were identified for the 

Gracilibacteria bacterium, which was abundant in the 16S-rDNA data of the enriched cultures 

of S1.  

3.3.3 Isolation of new pectin degrading bacteria 

At both sampling sites filters from the culture dependent approach with pectin were stored in 

glycerol. In order to isolate oligotroph and copiotroph bacteria different pectin concentrations 

were used. In total 36 bacteria were isolated and 15 thereof were identified with 16S-rDNA 

sequencing (Figure 26). The majority of the 15 isolates belonged to Gammaproteobacteria and 

three isolates showed a high identity with the P. distincta ANT/505. These results are 

supported by the phylogenetic classification of the metagenomic samples of the cultivation 

samples. Strains ANT/AR4, ANT/AR11, ANT/AR18, ANT/AR25 and ANT/AR26 were chosen 

for a shotgun genome sequencing. Within these genomes genes coding for pectate lyases 

were found.  
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Figure 26: Phylogenetic classification of new isolated bacteria from the Southern Ocean surface 

water. Phylogenetic analyses were performed with 16S-rDNA sequencing and alignment with the 

SILVA-database. Isolates were named ANT/AR_#. Graphic was created by Rebecca Gebbe. 
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3.4 Biphasic cellular adaptations and ecologial implications of Alteromonas 
macleodii degrading a mixture of algal polysaccharides 

The marine bacterium Alteromonas macleodii 83-1 was cultivated with a mixture of laminarin, 

alginate and pectin and with glucose as control. The growth experiments confirmed a biphasic 

growth on a mixture of polysaccharides. First A. macleodii was degrading laminarin and after 

the consumption of laminarin the simultaneous utilization of alginate and pectin started (Figure 

27). Proteomic analysis was performed at two time points (M1 and M2) during the biphasic 

growth. During growth on laminarin (M1) the two encoded PULs for its degradation were 

activated and the proteins were found in the proteome. The most abundant laminarin PUL 

encoded protein in M1 was the GH3 (Alt831_03776, 0.16%) whereas at M2 the TBDR 

(Alt831_04037) was the most abundant protein (0.2%). This TBDR was the only protein of this 

PUL which was detected during growth on glucose. Some proteins of the alginate PUL and the 

two pectin PULs were also found in the proteome at M1, however only with low abundance. At 

M2 there was a complete depletion of laminarin and the consumption of alginate and pectin 

started (Figure 27 A). Proteomic results showed an increased abundance of proteins for the 

degradation of alginate and pectin compared to M1. These proteins were even more abundant 

compared to the proteins of the laminarin PUL (Figure 27). The TBDR (Alt831_02429) and the 

2-deoxy-D-gluconate 3-dehydrogenase were the most abundant proteins in the pectin PUL. 

Similar to P. distincta ANT/505 an additional pectate lyase and a GH28 were found in the 

proteome (Alt831_00890, Alt831_02924). Surprisingly, no further growth could be detected 

during the depletion of alginate and pectin (Figure 27 A).  
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Figure 27: Biphasic growth and proteomic results of A. macleodiii 83-1. A: Growth curve and 

consumptions of substrates during growth on glucose and a mixture of laminarin, alginate and pectin. 

B: Abundance of laminarin PUL protein in growth phases M1 and M2. C. Abundance of alginate PUL 

protein in growth phases M1 and M2. D: Abundance of pectin PUL protein in growth phases M1 and 

M2. Numbers under the genes refer to the corresponding protein IDs (e.g. 03772 corresponds to 

Alt831_03772). TBDR: TonB-dependent transporter, PL: polysaccharide lyase, GH: glycoside 

hydrolase, CE: carbohydrate esterase, M1: sampling point 1, M2: sampling point 2. Image A is from 

Koch et al. [68] and was created by Hanna Koch. 
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4. Discussion 

4.1 Extracellular extensions and their protentional role in 
Pseudoalteromonas distincta 

Microscopic analyses of P. distincta cultures revealed different types of cell-appendages like 

VCs and MVs. The exact function of such cellular surface structures of marine bacteria in their 

aquatic environment is controversially discussed. P. distincta formed MV and VC during all 

investigated growth phases, which, in case of MV has been reported before [69, 70]. The 

results of the present study have shown, that formation occurred under all substrate conditions 

(peptone, alginate, pectin). However, it may be assumed though, that the presence of cellular 

appendages might be substrate dependent, since the cellulolytic Fibrobacter succinogenes did 

not produce outer membrane MV during growth on glucose [71]. The formation of VC as well 

as additionally produced thin tubulars might support not only aggregation of cells on solid but 

also in liquid media, which emphasizes their role in forming cellular networks. In non-marine 

environments, the link between such appendages and biofilm formation has been extensively 

investigated for clinical isolates or other pathogenic bacteria. For instance, the plant pathogen 

Dickeya dadantii formed cellulose nanofibres decorated with bead-like structures, which 

conjoined cells with each other [72], whereas for the clinical strain Stenotrophomonas 

maltophilia similar fibrillar structures have been reported [72, 73]. Besides, also fish pathogens 

like Flavobacterium psychrophilum or Flavobacterium columnare produced VC to establish 

cell-cell-interactions [74, 75].  

Another widespread phenomenon of bacteria in marine ecosystems is the formation of with 

objectives and functions not exclusively restricted to pathogenicity. In this study it was shown, 

that P. distincta forms biofilm-like aggregates in liquid culture. This indicates that biofilm 

formation is not only related to solid surfaces, but is also common in floating bacteria [76, 77]. 

Accordingly, Malfatti et al. [77] illustrated that a majority of free-floating bacteria from coastal 

and marine environments are associated with each other by pili or in gels, either in pairs or in 

small communities of up to 20 cells. With assistance of VC or thin tubulars, free-living bacteria 

could thus adhere to each other, but also to algae, floating algal polysaccharides or marine 

snow, which represent nutrients in the aquatic environment [78, 79]. Moreover, based on the 

microscopic analyses it can be assumed that VC of P. distincta bridge periplasms of intertwined 

cells, thus acting like plasma bridges, which allow an exchange of periplasmic components 

and molecules. Such a putative function of VC has been recently suggested for the soil 

bacterium Myxococcus xanthus, where a transport of proteins and other molecules was 

hypothesized to coordinate social behavior of these bacteria [50]. Whereas VC stay attached 

to the cell, MV are released into the environment. In pathogenic bacteria, MV are described as 

a trap to provide bacteria with nutrients [80]. Released MV may also act as a storage container 
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for polysaccharide degradation products until the MV fuse with the bacteria to release the 

captured pre-digested polysaccharides into the cell [81]. In contrast, VC might rather increase 

the contact to substrates by enlarging the cellular surface and therefore accelerate the 

degradation processes. For the VC-producing Formosa spp. Hel3_A1_48, Fischer et al. [82] 

also pointed out the advantage of equipping this enlarged surface with high affinity proteins 

rather than secreting enzymes into the ocean. This is consistent with findings of Kabisch et al. 

[83] who showed that the marine flavobacterium Gramella forsetii KT0803T rather attaches 

extracellular CAZymes to its outer membrane than secreting these enzymes. Such a strategy 

could prevent loss of these proteins by diffusion and increase the efficiency of polysaccharide 

utilization. 

Even though there is increasing information on the functions of such membrane extensions, 

mechanisms of their formation and corresponding regulation are still not completely 

understood. Taking a closer look specifically at VC, it become obvious that they differed in 

length and all of them were pearled (Figure 6 e). This finding indicates that the pearling occurs 

during formation of the VC and not as a result of growth phase or substrate. This result is in 

contrast to observations in soil bacteria, where the pearling of membrane tubulars was caused 

by different environmental stresses, e.g. changes in the osmotic gradient or mechanical 

perturbations [84-86]. In addition, it is suggested that vesicle units in P. distincta ANT/505 are 

released in a stepwise process building up the chain successively, compared to a 

transformation from tubulars to VC in soil bacteria or Formosa spp. Hel3_A1_48 [82]. Similar 

to VC, the mechanism of MV formation in P. distincta can only be speculated. In general, there 

are different models on so-called membrane-blebbing as regulated or stochastic events, e.g. 

by reduction of outer membrane peptidoglycan cross-links [87, 88], but also a passive 

formation from membrane fragments after cell lysis has been reported [89]. A conserved 

mechanism for the formation of MV was recently described for pathogenic Gram-negative 

bacteria [90]. In these organisms, the VacJ/Yrb ABC transport system controls the retrograde 

transport of phospholipids from the outer to the inner membrane. This leads to an accumulation 

of phospholipids in the outer membrane supporting the formation of MV. Deletions of single 

genes encoding for proteins within this transport system resulted in a higher vesiculation rate 

in Haemophilus influenza and Vibrio cholerae. Corresponding genes (EGI73822, EGI74980, 

EGI74977-74979) for this transport system are also found in P. distincta and the respective 

proteins were quantified under all growth conditions. However, whether this system plays also 

a role in MV formation in this marine Gram-negative bacterium remains elusive. MV and VC 

massively enlarge the bacterial surface which improves the surface-to-volume ratio [82] and 

increases access to polysaccharide matrices.  
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In order to correlate the cellular extensions to the proteomic results, four subcellular proteomes 

were analyzed for each substrate. Until now, such a broad subcellular study has not been 

performed. Most of the results reflect the bioinformatical localization prediction of proteins in 

the subcellular compartment. Based on the proteomic data, a high abundance of TBDRs was 

observed in the MV and VC. Such an increase of TBDR proteins was also reported for MV 

from other marine bacteria, e.g. Pseudoalteromonas antarctica NF3, Shewanella 

livingstonensis NF22T and Shewanella vesiculosa M7T [91-94]. The accumulation of 

transporters and enzymes responsible for the uptake and the degradation of polysaccharides 

indicates that the MV are released for pre-digestion and uptake of the polysaccharides to act 

as a trap to provide the bacteria with nutrients [80]. In the diffusive marine environment of P. 

distincta the availability of nutrients is limited. As a consequence, the bacteria have to increase 

the accessibility of nutrient uptake to guarantee the survival in such nutrient limited systems 

[93]. Besides the TBDRs also the CAZymes, responsible for the initial polysaccharide 

degradation step, were abundant in the MV and VC fraction (Figure 15, Figure 16). Those 

enzymes were predicted to be localized in the outer membrane or the periplasm. Interestingly, 

two PUL encoded alkaline phosphatases (EGI73112, EGI73113) were highly abundant in the 

MV and VC as it was reported before for M. xanthus [95]. As exemplarily demonstrated during 

a phytoplankton bloom in the North Sea, the availability and access of phosphate limit the 

biological activity in the marine environment [96]. The alkaline phosphatases were expressed 

under all three substrate conditions, which indicates, that these proteins might be constitutively 

expressed in P. distincta due to the permanent requirement of phosphate. These alkaline 

phosphatases might enable the utilization of phosphoesters from dissolved organic phosphor 

compounds [97]. The results of the present study revealed the localization of specific enzymes 

with high abundances in the extracellular structures of P. distincta: It is therefore tempting to 

speculate, that a kind of a protein sorting exists for the MV. A significant higher abundance of 

phosphatases, transporters and polysaccharide degradation enzymes in the VC and MV 

indicates the presence of a machinery, which controls the protein accumulation in the 

extracellular structures [80, 93, 94, 98]. 

  



Discussion 

48 
  

4.2 Metaproteogenomics of the Southern Ocean 

4.2.1 Phylogenetical classification and distribution of bacteria in the Southern Ocean 

The most dominant superkingdoms in the open ocean are represented by the archaea and the 

bacteria. The essential role of these organisms is to organize the accumulation, re-

mineralization, export and transformation of the biggest organic carbon pool of the world [99-

101]. Approximately 90% of the cellular DNA in the ocean contributes to bacteria [102] and 

they are responsible for 80% of the primary production [103]. For this reason, the bacteria play 

the most important role in the oceans. Bacteria are the key players in the conversion of POM. 

Determination of the bacterial community is realized by 16S-rDNA analyses and thus gives 

insights in the key players of an environmental sample. The most abundant bacteria found in 

the water samples of the two different sampling sites belong to Bacteroidetes, Alpha- and 

Gammaproteobacteria, which are in good agreement with in several other studies of the 

Southern Ocean[104-106]. This taxonomical abundance is not specific for the Southern 

Ocean, Teeling et al. showed that these bacteria are also the key players in water samples in 

the North Sea [96]. The overall distribution of those bacterial clades was comparable at both 

sampling sites. Bacteroidetes and Gammaproteobacteria prefer high molecular weight organic 

carbon as their nutrient sources and represented the most abundant bacteria in the particle 

associated fractions. For this reason, these bacteria are known as biopolymer degrading 

bacteria, whereas Alphaproteobacteria are known to be mostly free-living [107-109]. The 

Flavobacteriaceae within the Bacteroidetes clade are supposed to be the first colonizers and 

thus degraders of phytoplankton-derived POM and DOM [110, 111]. However, they were also 

found in the free-living fraction which indicates that different bacteria within this clade have 

evolved different life-styles [112]. During phytoplankton blooms the Flavobacteria form the 

major fraction of bacteria in the particle-associated communities [96, 113, 114]. The only 

difference between the two sampling sites was related to the abundance of the 

Alteromonadaceae within the Gammaproteobacteria, which was more abundant at S2. This 

result could be explained by different composition of nutrients. Phytoplankton blooms and the 

input of different nutrients have shown dramatic changes in the composition of bacterial 

communities [96, 115, 116]. Surface and upwelling deep water currents, as they are known for 

the Southern Ocean, have a strong influence on temperature, salinity and nutrient availability 

and all these factors have an impact on the formation of phytoplankton blooms [117, 118]. 

Beside the particle-associated bacteria also free-living bacteria were identified at the 0.2 µm 

filter. The free-living bacterial fraction was dominated by the alphaproteobacterial SAR11 clade 

with higher abundance at S1. This bacterial clade is known as a major bacterial player in the 

ocean’s surface [119]. SAR11 is able to use photorhodopsin for a phototrophic energy 

metabolism which is beneficial in a nutrient-limited environment [120]. Such an environment 
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could be assumed for S1 due to low POC values (26.9 µg/L). This clade shows a typical free-

living life-style and is distributed in other ocean regions [121, 122]. Only a few bacterial 

lineages are known to perform the free-living life-style and all of them are characterized by 

their streamlined genomes [122, 123]. Bacteria with streamlined genomes are characterized 

by small genomes and cell sizes [124]. All of them are oligotrophic and have the typical ATP-

binding cassette (ABC) transporter, major facilitator superfamily (MFS) transporters and 

tripartite ATP-independent periplasmic (TRAP) transporters for the preferred uptake of low 

molecular weight carbon and small molecules [125]. Those transporters were dedicated to 

Alphaproteobacteria in this study. At S2 the Colwelliaceae (Gammaproteobacteria) were as 

abundant as the SAR11 clade. Different bacterial abundances could be explained with different 

nutrient availability in the water column, advections, the circulation of water mass and the 

influence of dispersal limitations [106, 117]. To sum up, the results show, that many bacteria 

in the Southern Ocean associate with particles like algae or marine snow and that the particle 

associated bacteria were more diverse in bacterial families compared to the free-living 

bacteria, which was also shown for water samples in the mesopelagic zone of the Southern 

Ocean [106].  

4.2.2 Polysaccharide utilization potential of bacteria in the Southern Ocean 

Polysaccharides are widely distributed in all domains of life [29] and many different and 

complex polysaccharides are found in the oceans. Especially cell walls of algae are composed 

of complex polysaccharides structures. In addition, polysaccharides form diverse storage 

compounds inside the algae [12, 126]. At both sampling sites different PULs were found. The 

majority of the detected PULs was required for the degradation of α-glucans. Due to the lack 

of an antibody for α-glucan in the glycan array it could not be detected in the environmental 

samples. Nevertheless α-glucan could be available in the Southern Ocean. Polysaccharides 

that were detected on the 3 µm and 10 µm filters at S1 were cellulose, mannan, alginate and 

laminarin and mixed β-glucans (supplementary Figure 35). Except for cellulose, which is rather 

a terrestrial polysaccharide than a marine one, PULs which recognize and degrade these 

polysaccharides were found to be present in the metagenome. Although the metagenome data 

support the functional potential for the degradation of cellulose, the respective enzymes are 

not clustered to PULs. While fucose-containing polysaccharides were found on the filters at 

sampling site 2, a PUL for the degradation was only found at S1. Nevertheless, enzymes for 

the degradation of fucose-containing polysaccharides could be identified at S2. Unfortunately, 

the CAZyme composition of these PULs was not unambiguous for the degradation of a specific 

polysaccharide. In some of the PULs also sulfatases were present. Helbert showed that sulfate 

is a widely distributed compound of macroalgae and other marine polysaccharides (e.g. 

fucoidan) [127]. For this reason, marine bacteria require sulfatases for the complete 
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degradation of polysaccharides. The PULs that were detected in the environmental samples 

were all taxonomically classified to Bacteroidetes and Gammaproteobacteria, which are well 

known polysaccharide degraders [68, 110, 112]. The absence of PULs in the 

Alphaproteobacteria, e.g. SAR11, confirms their free-living life style and explains the lack of 

TBDRs in this clade [106]. The higher number of Bacteroidetes PULs at S1 is in good 

agreement with the higher abundance of SusC/D pairs (3% at S1 vs. 1.2% at S2) and the 16S-

rDNA results of the free-living bacteria. At sampling site 2 most of the PULs were assigned to 

Gammaproteobacteria which have an overall higher abundance at S2 compared to S1. For 

Gammaproteobacteria there were also more TBDRs found at S2. Surprisingly no TonB-

dependent transporter or any PUL was assigned to Epsilonproteobacteria which were 

increased at S2.  

The majority of quantified PUL-proteins were TBDR and SusC/D pairs. This was also found 

for other marine environments, e.g. in the North Sea near the island Helgoland [96, 128]. The 

transporters represent a key role for the bacteria to acquire nutrients. It is also known that 

some enzymes of PULs are also expressed in the absence of the substrate. These enzymes 

are predominantly transporters which are not only responsible for the uptake of 

polysaccharides but also act as sensors for these and initiate the gene expression machinery 

in the bacteria [129]. In this context, TBDRs from other PULs and even alginate degrading 

enzymes were quantified during pectin cultivation of P. distincta ANT/505 (see chapter 3.1.3). 

Therefore, it is not surprising, that these proteins were abundant in the samples. This was also 

found in other metaproteomic studies [63]. For Bacteroidetes and Gammaproteobacteria which 

have TBDRs in their PULs it was shown that there is a ‘selfish’ sequestration of the 

polysaccharide substrate in the periplasm of the cell before further degradation of poly- or 

oligosaccharides occurs [40, 130]. Many of the TBDRs or CAZymes were found at the end of 

a contig. This indicates the presence of a possible PUL that, due to the limitations of sequence 

alignment, could not be classified as PUL since some gene were missing. This was also the 

case for very small contigs, where only one TBDR and one CAZyme were identified while no 

other PUL genes could be detected.  

4.2.3 Bacterial key players in the Southern Ocean 

With the Antarctic Circumpolar Current and the permanent upwelling in the Southern Ocean, 

the transport of old and highly refractory DOM to the water surface occurs (Landa 2016). The 

general low primary production, a result of iron limitation, culminates in the lowest DOC 

concentration in the world’s oceans [131]. These unique features affect the diversity of bacteria 

and their heterotrophic metabolism [105, 132]. The taxonomical distribution of the quantified 

proteins is in good agreement with the phylogenetic classification of the bacteria that were 

detected in the environmental samples. The shift in the distribution and abundance of different 
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bacteria, notably Colwellia and Arcobacter, at the two investigated sampling sites can be 

explained with the metabolic potential of the organisms which adapts them to the 

environmental conditions. This was also reported in the Southern Ocean metagenomic study 

of Grzymski et al. [104]. The different amount of POC at both sampling sites (26.9 µg/L at S1 

and 42.64 µg/L at S2) could also contribute to the different abundance of bacteria. The lower 

POC concentration could explain the high expression of TBDRs at S1. On the one hand the 

bacteria are stimulated to express TBDRs for sensing of carbohydrates and other nutrients 

and on the other hand for rapid uptake and trapping of available organic matter. The overall 

functional classification of the proteins at both locations is the same, the only difference is the 

abundance of different bacterial classes. This is highlighted by the abundance of 

Epsilonproteobacteria at S2, especially the genus Arcobacter (Figure 22). The presence of this 

bacterial genus in the Southern Ocean has never been reported before. Bacteria within the 

genus Arcobacter are found in many different environments e.g. in buffalo milk [133], 

slaughterhouses [134] but also in the marine environment, mostly associated with shellfish 

[135]. It was not possible to detect any specific metabolism for the Arcobacter group. The 

knowledge of the diversity and pathogenicity of Arcobacter in the marine environment is still 

unclear [135]. The absence of TBDR in the Epsilonproteobacteria could indicate these bacteria 

as “scavengers” [136]. Scavenging bacteria are not able to hydrolyze polysaccharides or other 

complex carbohydrates. As a consequence, they take up monomers which were hydrolyzed 

by other marine bacteria before. The genus Colwellia, within the Gammaproteobacteria, is a 

strictly marine bacterial clade [10] which is very abundant at S2 and is widely distributed in the 

Southern Ocean, in the pelagic and benthic zone, and in sea ice [137]. Colwellia species are 

known to be secondary producers which decompose organic material independent of its 

complexity. They are able to produce ice-binding proteins for the colonization of sea ice [138]. 

Within the metaproteome data it is not possible to dedicate any specific metabolism. The only 

conspicuity is the higher number of enzymes which are responsible for fatty acid biosynthesis. 

However, Colwellia species are known to produce fatty acids like omega-3-polyunsaturated 

fatty acids [10]. Due to the lack of relevant parameters and environmental data it can only be 

assumed that their high abundance and proteomic activity is related to environmental 

conditions. 

To sum up, the comprehensive metagenomic and metaproteomic analysis of surface water in 

the Southern Ocean gives new insights into the composition and function of bacterial 

communities in a permanent cold marine environment. Solely two studies have focused on 

these topics so far [63, 64, 104]. The phylogenetical characterization of bacteria is comparable. 

TBDRs and ABC- dependent transporters were mainly found in the other studies of the 

Southern Ocean. But it has to be emphasized that metagenome and metaproteome samples 

in the other studies were not collected simultaneously and as a consequence many genomic 
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information, especially for the proteome database, is missing in the earlier evaluations. In 

contrast the metagenome and metaproteome samples investigated in the present study were 

taken under the same biotic and abiotic environmental conditions which results in a much more 

valuable dataset.  

4.2.4 Pectin-dependent enrichment cultures 

Pectin is a common terrestrial polysaccharide and not very rare in the marine environment. 

However, an ecological relevance of pectin-degradation in the marine environment has been 

supported by micromolar galacturonate concentrations during phytoplankton blooms, which 

positively correlated with abundances of Gammaproteobacteria [139]. It is known that a few 

red and green algae contain pectin and pectin-like polymers [23, 25]. Thus, marine bacteria 

which encode the genes for the pectin degradation are very rare. Our model bacterium 

P. distincta ANT/505 was isolated in the Southern Ocean and is able to degrade pectin. Pectin 

PULs were also found in other marine bacteria but with a slightly varying enzyme composition. 

To gain more information about the marine pectin degradation system, especially in the 

Southern Ocean, marine surface water has been incubated with pectin to induce the bacterial 

growth on pectin. Unfortunately, no pectin PUL was found in the metagenome of the two pectin 

enriched metagenomes. Only one PUL was detected at S1 which is responsible for the 

degradation of rhamnogalacturonan, a component of pectin. There are some hypotheses might 

explain the growth of bacteria in pectin dependent cultivations and simultaneous absence of 

genes encoding for pectin degrading enzymes in the metagenome. First, limitations of 

sequence alignments could result in missing alignments of nucleotide sequences coding for 

pectin degrading genes. This assumption is supported by the observation, that TBDRs were 

found at the end of contigs which could indicate a putative PUL that is so far incomplete. 

Another possible explanation for the growth of bacteria in the surface water were can be 

addressed to residues of other carbon compounds that contributed to the bacterial growth. 

Hehemann et al. [20] have already assumed that marine bacteria received the pectin PULs by 

horizontal gene transfer. If this is the case, it can only be assumed that the long process of 

horizontal gene transfer has maybe not occurred in an extensive manner. With the isolation of 

new bacteria from the pectin supplemented culture only one explanation for the absence of 

pectin degrading enzymes in the metagenome remains. The isolated bacteria were able to 

grow on pectin and with the genome sequencing of five isolates, pectin degrading enzymes 

were found in the genome. Tus the most supposable hypothesis is the limitation of sequence 

alignments. Two of the five genomes of the isolated bacteria could be assigned to our model 

bacterium P. distincta ANT/505, indicating that this bacterium seems to be the most distributed 

pectin degrader in the Southern Ocean. 
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4.3 Proteomic results of biphasic growth of Alteromonas macleodii 

The proteomic results confirmed the biphasic growth phase of A. macleodii. Both growth 

phases (M1 and M2) show major differences in protein abundance. These differences were 

significantly shown for the PUL encoded proteins of the respective polysaccharide. The 

absence of proteins from the laminarin PUL during growth on glucose indicates the specific 

regulation of the PULs. The activation of the PUL was only confirmed by the glucose polymer 

and not by the monomer which has been shown for Gramella forsetii before [83]. The low 

abundance of alginate and pectin degrading enzymes in phase M1 indicates, that the formation 

of proteins on a basal level has started with the presence of the respective substrate and that 

high amounts of these proteins are first required as soon as the previous substrate is depleted. 

The abundance of TBDRs, which are not encoded in the respective PUL, is comparable to the 

results of P. distincta (see 3.1.3). This indicates the constitutive sensing for nutrients, 

especially in the diffuse aquatic environment 
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5. Outlook 

The subproteomic analysis of P. distincta ANT/505 showed an abundance of specific enzyme 

functions in the membrane extensions. These findings indicate that the enzymes could be 

actively guided in these cellular compartments. This hypothesis could be proved by an 

immunogold labeling assay. Via heterologous expression and His-tag protein purification of 

alginate- and pectate lyases, alkaline phosphatases and TBDR in Escherichia coli it is possible 

to produce antibodies for these enzymes. The antibodies could be used for the immune gold 

labeling which could be visible by TEM analysis. If there will be an accumulation of those 

enzymes there will be a higher intensity of the immunogold labeling in the membrane extension 

compared to the intracellular space. A further interesting but until now not successful approach 

would be the isolation of the large deformed cells which were only found during growth on 

alginate. The microscopic analysis showed, that only a minority of cells grown on alginate 

perform this cell differentiation, which has to be introduced by an unknown parameter and 

proteomics could identify a specific metabolism in those cells. The isolation of those cells could 

be performed with further different density gradient centrifugation tools. Otherwise different 

cultivation parameters, e.g. nutrient limitations, salinity or pH could be changed to stimulate 

the cell differentiation. It could also be possible that other variations of cellular appendages in 

P. distincta can potentially be observed in conjunction with other substrates, that have not been 

investigated so far. Since phages are frequently found within water samples, their production 

seems to be widespread among marine bacteria. During microscopy analysis it was also 

shown that P. distincta ANT/505 produced phages. The reason for formation of phages is still 

unknown. No growth collapse could be observed so it looks like the phages do not infect their 

host, but there has to be a reason for the production and release of the phages. Phage plaque 

test were performed with a few other marine bacteria but no plaque could be identified. 

Therefore, other marine and terrestrial strains have to be investigated if an infection of P. 

distincta phages will occur.  

With the ongoing climate change the Southern Ocean with its important characteristics and 

function in the world carbon turnover will change dramatically. Only a few studies have 

investigated the bacterial community and its metabolic function in the Southern Ocean. Those 

studies as well as this study do only show present properties and are not directly comparable. 

Therefore, it is important to investigate further samples in the future to gain insights in the 

impact of climate change to the bacterial community, which have an important responsibility in 

carbon turnover in the SO. This study showed differences in abundance and functional 

assignment of bacteria. Due to missing environmental parameters the differences between the 

two sampling sites could not be explained. Therefore, during Polarstern cruise PS124, from 

04.02.2021 – 30.03.2021 in the Weddell Sea new samples will be taken. Eight sampling sites 
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were chosen for a new metagenomic and metaproteomic approach of surface water samples. 

Additionally, sediment samples will be taken to get an overview of the bacterial community that 

were converting the carbon which sinks to the ground. The abiotic parameters in over 4000 m 

depth are different than the ones at the surface. The sampling of ice cores will represent a 

further approach during this cruise. During the formation of sea ice, small sea-ice brines can 

be generated. Those sea-ice brines represent an isolated habitat filled with bacteria and algae. 

These habitats are interesting because there is a competition of nutrients and this comprises 

the bacterial community. All the mentioned samples will be analyzed with metagenomics and 

metaproteomics to gain an overall insight in the bacterial community and function of the 

Southern Ocean. To decrease the sequence alignments limitation mentioned in this study, 

sequencing with new technologies could be performed, such as the PacBio sequencing system 

for longer reads. This could result in longer contigs and better alignments to get more genomic 

information and higher PUL identification. New cultivation experiments enriched with pectin 

derivatives are promising to detect further pectin degraders in the Southern Ocean and new 

PUL-types. With the discovery of new pectin structures and polysaccharide lyases the sector 

of industrial adaption will grow rapidly. The PUL-types identified in this study have to be more 

investigated regarding their structure and have to be compared with other known PULs. Also, 

the CAZymes have to be compared to other CAZymes of the same family to get more 

knowledge about them. Interesting enzymes could be heterologous expressed in E. coli to 

define the substrate of the CAZyme and also to identify new degradation mechanisms of 

polysaccharides.  
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6. Conclusion 

Marine bacteria represent the most diverse organisms in the marine environment. The majority 

of these microbes is unknown and unculturable. Algae represent the main nutrient source for 

bacteria. Macro- and microalgae can consist to 70% of polysaccharides. The metabolic 

degradation of marine polysaccharides is underexplored and thus these mechanisms have to 

be investigated. These mechanisms are of high importance to generate defined 

oligosaccharides for the medical and pharmaceutical applications. The specific structure of 

marine poly- and oligosaccharides show antiviral activities, e.g. carrageenans from red algae 

are used for the inhibition of human papillomavirus [140]. Another alginate derived marine 

polysaccharide show inhibition of the replication of the human immunodeficiency virus (HIV) 

[141]. The degradation mechanisms of marine CAZymes and the structure of marine 

polysaccharides should be further investigated for their high potential of antiviral activities and 

the creation of new marine drugs. 

Many marine bacteria produce membrane extension like membrane vesicles or appendages 

but the function of these is poorly understood. In order to investigate their function, especially 

concerning polysaccharide utilization, proteomic analyses of subcellular compartments were 

performed. Microscopy analyses revealed that, beside MV, P. distincta forms different 

appendages, vesicle chains (VC) and thin filaments which were dedicated to extracellular 

polymeric substance. The formation of MV and VC was independent of growth phase or carbon 

source. The proteomic data showed that transporters end enzymes for the initial degradation 

of pectin and alginate were highly abundant in these membrane extensions and that there 

could be a kind of sorting for proteins in the membrane extensions. Additionally, two PUL 

encoded alkaline phosphatases and other phosphate acquiring enzymes were abundant in the 

MV and VC fractions. This indicates, that P. distincta constitutively produces enzymes for 

phosphate uptake, which would be necessary in the phosphate-limiting environment of the 

Southern Ocean. On the one hand marine bacteria produce membrane extensions in order to 

create a larger surface in the nutrient limiting marine environment for an increased chance to 

get in contact to nutrients and on the other hand the results indicate an accumulation of 

enzymes responsible for uptake and degradation of carbohydrates and phosphates in the MV 

and VC. Therefore, the membrane extensions act as nutrient traps and this might be beneficial 

for the bacteria in the diffuse aquatic environment. 

The microbial community structure and the metabolism of bacteria in the Southern Ocean are 

very poorly investigated. The SO is a harsh environment for all organism but nevertheless, the 

SO is of high importance for the climate in the world due to the high carbon dioxide uptake. In 

this study water samples from two different sampling sites (S1 and S2) in the SO were 

investigated. With a metagenomic and metaproteomic approach the key players and the 
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metabolic activity were analyzed. Additionally, the surface water was inoculated with pectin 

and incubated for several days in order to analyze polysaccharide utilization loci for pectin 

degradation and to isolate new pectin degraders. 16S-rDNA analyses revealed the bacterial 

community from the genomic data. Bacteria were separated in particle-associated and free-

living bacteria. The overall particle associated bacterial community at both sampling sites was 

comparable, with Bacteroidetes and Gammaproteobacteria as the abundant phylum. Within 

the Gammaproteobacteria the Alteromonadaceae and Colwelliaceae were more abundant at 

S2 than at S1. The free-living bacteria at S1 were dominated by the Alphaproteobacteria, 

especially the SAR11 clade I. Metagenomic analyses showed that both sampling sites had 

comparable PUL composition, but taxonomical classification of PULs was differently. The 

metaproteome data revealed that PUL encoded enzymes were not highly abundant. Only few 

CAZymes were found, mostly TonB-dependent transporters belonged to the detected PUL 

proteins. Taxonomical classification of proteins showed differences between the sampling 

sites. At S2 the genus Colwellia and Arcobacter were highly increased compared to S1. At this 

location Candidatus Pelagibacter, Planktomarina and Polaribacter were the abundant taxa. 

The functional classification at both sampling sites was comparable. The only difference was 

the high abundance of Epsilonproteobacteria at S2 referable to the Arcobacter species. 

Nevertheless, the notably taxonomical differences could not be explained by the proteomic 

data and the functional classification, because no specific metabolic function could be highly 

addressed to these bacteria. These results assumed that different abundance of the key 

players could be explained by different environmental conditions. The pectin enriched cultured 

at both sampling sites were investigated for the functional potential of pectin degrading 

enzymes. No metaproteomic approach could be performed due to less sampling material. Only 

one PUL for the degradation of rhamnogalacturonan, a component of pectin, was found at S1. 

In contrast, bacteria grown on pectin could be isolated from these samples. Genome 

sequencing of five isolates showed that functional potential of pectin degradation is available. 

Due to the limitations of sequence alignments, it was not possible to detect a PUL responsible 

for pectin utilization in the metagenomic data. The results show that the polysaccharide 

degradation mechanism in the Southern Ocean has to be more investigated to get knowledge 

about the bacterial activity in the ocean’s surface and the carbon turnover in this underexplored 

environment. 
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7. Material and Methods 

7.1 Material 

7.1.1 Chemicals 

If not mentioned differently chemicals were ordered from Carl Roth (Karlsruhe, Germany), 

Merck (Darmstadt, Germany), Difco Laboratories (Detroit, MI, USA), Applichem (Darmstadt, 

Germany), VWR (Darmstadt, Germany), Fluka (Bruchs, Switzerland). 

7.1.2 Buffers, Media and solutions 

Table 7: Composition of cultivation media and additives 

 Chemical Concentration [g/L] 

MPM media NaCl 30 

pH 7.8 MgCl2 x 6 H2O 1 

 Na2SO4 x 10 H2O 9.073 

 KCl 0.7 

 CaCl2 x 2 H2O 0.15 

 NaHCO3 0.2 

 KBr 0.1 

 SrCl2 x 6 H2O 0.04 

 H3BO3 0.025 

 KF 0.001 

 MOPS buffer 2.09 

   

 Chemical Concentration [mg/L] 

Trace element solution Na2EDTA x 2 H2O 1094.3 

 FeCl3 x 6 H2O 2000 

 LiCl 1000 

 AlCl3 50 

 NaVO3 1.6 

 K2Cr2O7 0.15 

 MnCl2 x 4 H2O 80 

 CoCl2 x 6 H2O 5 

 NiCl2 x 6 H2O 20 

 CuCl2 x 2 H2O 25.4 

 ZnCl2 60 

 Na2SeO3 x 5 H2O 15 

 RbCl 150 

 Na2MoO4 x 2 H2O 75 

 SnCl2 x 2 H2O 1.5 

 KI 80 

 BaCl2 x 2 H2O 50 

 Na2Wo4 x 2 H2O 15 
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 Chemical Concentration [mg/L] 

Vitamin solution 4-Aminobenzoic acid 100 

 Folic acid (crystalline) 50 

 DL-alpha-lipoic acid 50 

 Riboflavin 100 

 Thiamine hydrochloride 200 

 Nicotinamide 200 

 Pyridoxine hydrochloride 500 

 D-Panthothenic acid calcium 

salt 

100 

 Vitamin B12 100 

 D(+)Biotin 20 

 

Table 8: Buffers for protein extraction and analysis 

 Chemical Concentration  

4 x SDS sample-loading 

buffer 

Tris-HCl 200 mM, pH 6.8 

Na2EDTA x 2 H2O 50 mM, pH 8.0 

 dithiothreitol  1 mM 

 glycerol 40% 

 sodium dodecyl sulfate 

(SDS) 

8% 

 bromophenol blue 0.08% 

   

 Chemical Concentration  

10 x SDS running buffer Tris 0.25 M 

 Glycine 192 mM 

 SDS 0.1 % 

   

 Chemical Concentration  

SDS-gel staining solution (NH4)2SO4 10% 

 o-Phosphoric acid 1% 

 Coomassie brilliant blue  0.05% 

   

 Chemical Concentration  

Resuspension buffer 1 

according to Deutsch 

Tris HCl 50 mM pH 7.5 

Chloramphenicol 0.1 mg/mL 

 Phenylmethylsulfonyl 

fluoride (PMFS) 

1 mM 

   

Resuspension buffer 2 Tris HCl 20 mM pH 7.5 

 SDS 2% 

   

DNAse buffer Tris HCl 20 mM pH 7.5 
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 MgCl2 0.1 mg/mL 

 PMFS 1 mM 

 DNase I 1 µg/mL 

   

gel piece washing solution NH4HCO3 0.2 M 

 Acetonitrile 30% 

 

Table 9: Buffers for DNA extraction and analysis 

 Chemical Concentration 

DNA extraction buffer 

according Zhou 

Tris-HCl 0.1 M, pH 8.0 

Na2EDTA x 2 H2O 0.1 M, pH 8.0 

 Sodium phosphate buffer 0.1 M, pH 8.0 

 NaCl 1.5 M 

 Cetyltrimethylammoniumbromid  1%  

   

 Chemical Concentration [g/L] 

50 x TAE buffer Tris 242 

 Acetic acid 57.1 mL 

 Na2EDTA x 2 H2O 18.6 

 

Table 10: Primers used in this study 

Primer Sequence 5’-3’ 

GM1F CCAGCAGCCGCGGTAAT 

GM1R ATTACCGTGGCTGCTGG 

907RM CCGTCAATTCMTTTGAGT 

907FK ACTCAAAMGAATTGACGG 

GM3F AGAGTTTGATCMTGGC 

GM4R TACCTTGTTACGACTT 

V3-III_for TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGC

AG 

V4-III_rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATC

TAATCC 
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Table 11: Solutions and buffers for microscopy analysis 

 Chemical Concentration [g/L] 

Artificial sea water (ASW) NaCl 24 

 MgCl2 x 6H2O 5.33 

 MgSO4 x 7H2O 14,33 

 KCl 0,7 

   

 Chemical Concentration 

Fixing solution for scanning 

electron microscopy 

Glutaraldehyde 1% 

Paraformaldehyde 2% 

in 30% ASW Sodium azide 25 mM 

   

Washing solution pH 7.0 Cacodylate 10 mM  

In 15% ASW   

   

 Chemical Concentration 

Solution 1 Glutaraldehyde In 100 mM cacodylate buffer 

pH 7.4   

   

Solution 2 NaCl 821 mM 

 MgCl2 52 mM 

 MgSO4 57 mM 

 KCl 13 mM 

   

Solution 3 Picric acid In 5 mM HEPES buffer 

   

Fixing solution (a) for 

transmission electron 

microscopy 

Solution 1 2.5% 

Solution 2 27% 

  

   

Fixing solution (b) for 

transmission electron 

microscopy 

Glutaraldehyde 1% 

Solution 3 0.2% 

Solution 2 27% 

   

Washing buffer Cacodylate 100 mM 

pH 7.4 Solution 2 70% 

   

   

Post fixation Cacodylate 100 mM 

 Solution 2 60% 

 Osmium tetroxide 2% 

 Chemical Concentration 

Fixing solution for negative 

staining of MV 

Paraformaldehyde 1% 

Sodium phosphate 0.1M 
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Fixing solution for negative 

staining of VC 

Glutaraldehyde 2.5% in 100 mM cacodylate 

Solution 2 27% 

 

Table 12: other buffers 

 Chemical Concentration [g/L] 

Phosphate buffer KCl 0.2 

 KH2PO4 0.2 

 NaCl 11.688 

 Na2HPO4 1.15 

 

7.1.3 Kits, Consumables, Devices and Software 

Table 13: Kits used in this study 

Kit Manufacturer Application 

Pierce BCA Assay Thermo Fisher Scientific 

(Waltham, MA, USA) 

Determination of protein 

concentration 

High Pure PCR Template 

Isolation Kit 

Roche (Mannheim, 

Germany) 

Isolation of genomic DNA 

Gel Extraction Kit QIAGEN GmbH (Hilden, 

Germany) 

Isolation of DNA from 

agarose gel 

Nextera DNA sample 

preparation Kit 

Illumina (San Diego, CA, 

USA) 

DNA-Sequencing 

Nextera Index kit Illumina (San Diego, CA, 

USA) 

DNA-Sequencing 

High Sensitivity DNA Kit Invitrogen (Carlsbad, CA, 

USA) 

Determination of DNA 

concentration 

HiSeq Rapid PE Cluster Kit 

v.2 

Illumina (San Diego, CA, 

USA) 

DNA-Sequencing 

HiSeq Rapid SBS Kit v.2 Illumina (San Diego, CA, 

USA) 

DNA-Sequencing 
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Table 14: Consumables used in this study 

Consumable Manufacturer 

Reaction tube 1.5 mL, 2 mL Sarstedt (Nümbrecht, Germany) 

Reaction tube 15 mL, 50 mL Sarstedt (Nümbrecht, Germany) 

Petri dish Sarstedt (Nümbrecht, Germany) 

Cell tissue flask Sarstedt (Nümbrecht, Germany) 

Pipette tips Sarstedt (Nümbrecht, Germany) 

96-well plates Sarstedt (Nümbrecht, Germany) 

Cell scraper Sarstedt (Nümbrecht, Germany) 

Semi-micro cuvettes Sarstadt (Nümbrecht, Germany) 

Syringe Braun (melsungen, Germany) 

Syringe filter (0.45 µm, 0.2 µm) Sarstedt (Nümbrecht, Germany) 

Mini-Protean TXG gels Biorad (Hercules, CA, USA) 

0.2 µm GTTP filter (Ø 47 mm) Merck (Darmstadt, Germany) 

10 µm polycarbonate filter (Ø142 mm) Merck (Darmstadt, Germany) 

3 µm polycarbonate filter (Ø142 mm) Merck (Darmstadt, Germany) 

0.2 µm polycarbonate filter (Ø142 mm) Merck (Darmstadt, Germany) 

peqGREEN DNA dye Peqlab (Erlangen, Germany) 

DNA loading buffer New England Biolabs (Ipswich, MA, USA) 

Piolofim Plano GmbH (Wetzlar, Germany) 

 

Table 15: Software used in this study 

Software Application 

PSORTb Subcellular localization of proteins 

SignalP Identification of signal peptides 

FGENESB Operon finding 

CDvist Identification of protein domains 

MS-Office Documentation, calculation, presentation of 

data 

PHASTER Identification of phage coding regions 

Geneious 10.2.6 Visualization of genomic information 

Maxquant 1.5.8.3 Quantification of proteomic results 

Scaffold 4 Quantification of proteomic results 

Acrobat Reader DC Reading of pdf documents 

i-control 1.12 Tecan program software 

Adobe Photoshot CS6 Preparation of microscopy images 

FastQC Quality check of sequencing raw data 

BBduk Quality trimming of sequencing reads 

SPAdes genome assembler v.3.12.2 Assembly of sequencing reads to contigs 

Prokka 1.12 Annotation of genes 

Proteomaps Construction of VoronoiTree Maps 

Mascot Quantification of proteomic results 

X!Tandem Quantification of proteomic results 
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Table 16: Databases used in this study 

Database Application 

NCBI:Database Blastp / blastn 

dbcan metaserver Identification of CAZymes 

Pfam Database 32.0 Identification of protein domains 

TIGRFAM Database 15.0 Identification of protein domains 

p2rp web-server Identification of regulator proteins 

Kaiju Taxonomical classification of proteins 

SILVA database Taxonomical classification of bacteria 

COG database Functional classification of proteins 

Kegg database Functional classification of proteins 

 

Table 17: List of devices 

Device Manufacturer Application 

C1000 Touch BioRad (Hercules, CA, 

USA) 

PCR 

HeraeusBiofugePrimoR Thermo Scientific (Waltham, 

MA, USA) 

Centrifugation 

HeraeusPico17 Thermo Scientific (Waltham, 

MA, USA) 

Centrifugation 

Sigma 3-16 PK Merck (Darmstadt, 

Germany) 

Centrifugation 

Beckmann coulter  Beckmann coulter (Brea, 

CA, USA) 

Centrifugation 

Sorvall Evolution RC Thermo Scientific (Waltham, 

MA, USA) 

Centrifugation 

Innova 42 Incubator shaker New Brunswick Scientific 

(Edison, NJ, USA) 

Cultivation 

Innova 4230 Incubator 

shaker 

New Brunswick Scientific 

(Edison, NJ, USA) 

Cultivation 

Incubator Heraeus Instruments 

(Hanau, Germany) 

Incubation 

Thermomix comfort Eppendorf (Hamburg, 

Germany) 

Incubation 

Mini-PROTEAN Tetra Cell Biorad (Hercules, CA, USA) 1D-gel electrophoresis 

Power supply Biorad (Hercules, CA, USA) gel electrophoresis 

Photometer Ultrospec 3100 Amersham Biosciences 

(Little Chalfont, UK) 

UV-Vis spectrometry 

Qubit Fluorometer Invitrogen (Carlsbad, CA, 

USA) 

UV-Vis spectrometry 

NanoDrop2000 Thermo Scientific (Waltham, 

MA, USA) 

UV-Vis spectrometry 

FB15054 Fischerbrand (Waltham, 

MA, USA) 

Ultrasonic bath 

Bandelin Sonopuls BANDELIN electronic 

GmbH & Co. KG (Berlin, 

Germany) 

Cell disruption 
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Vortex Heidolph (Schwabach, 

Germany) 

Resuspension / mixing 

Infinite M200 Tecan (Männedorf, 

Switzerland) 

MTP-reader 

Concentrator Plus Eppendorf (Hamburg, 

Germany) 

Vacuum concentrator 

Tumbling shaker 3011 GFL mbH (Berlin, Germany) (dis-)coloration of gels 

pH meter Schott (Mainz, Germany) pH adjustment 

Magnetic stirrer Thermo Electron 

Corporation (Waltham, MA, 

USA) 

Dissolving chemicals / 

heatplate 

Laminar flow cabinet Thermo Electron (Waltham, 

MA, USA) 

Sterile work 

EVO LS10 Carl Zeiss AG (Oberkochen, 

Germany) 

Scanning electron 

microscopy 

Supra40VP Carl Zeiss AG (Oberkochen, 

Germany) 

Scanning electron 

microscopy 

LEO 906 Carl Zeiss AG (Oberkochen, 

Germany) 

Transmission electron 

microscopy 

Ultramicrotome Leica UK Ltd (Milton Keyes, 

UK) 

Preparation of thin sections 

Illumina HiSeq 2500 Illumina (San Diego, CA, 

USA) 

DNA-sequencing 

Orbitrap Elite Thermo Fischer Scientific 

(Waltham, MA, USA) 

Mass spectrometry 

Thoma counting chamber Carl Zeiss AG (Oberkochen, 

Germany) 
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7.2 Methods 

7.2.1 Strain maintenance / Cryopreservation 

All bacterial strains, which grew on liquid media were stored at -80 °C with 20% (v/v) glycerol. 

For inoculation of a culture, the stocks were thawed and 500 µL bacterial suspension were 

used.  

7.2.2 Cultivation of marine strains 

The strain P. distincta ANT/505 was isolated from sea ice-covered surface water of the 

Southern Ocean [48]. Precultures of all marine strains were grown in Marine Broth 2216 (MB) 

at 16 °C and 200 rpm. Cultivations with defined substrates were performed in marine mineral 

salt medium [83] with 0.2% citrus pectin, 0.2% alginate from brown algae or 0.2% peptone as 

the only carbon source at 4 °C or 10 °C and 120 or 150 rpm respectively.  

7.2.3 Isolation of subcellular compartments of P. distincta ANT/505 

For proteome analyses of P. distincta ANT/505, the intracellular soluble-, the outer membrane-

, the membrane vesicle- and the vesicle chain protein fractions were investigated, referred to 

as subproteomes in the text. For the isolation of the intracellular soluble and the outer 

membrane proteins, 100 mL of cell suspension were harvested in the exponential growth 

phase by centrifugation (4 °C, 3 000 × g, 10 min). For outer membrane isolation the cells were 

disrupted by sonication and remaining cell were pelleted. The supernatant was centrifuged for 

1 h, 15 000 rpm at 4 °C. The membrane fraction was pelleted and the supernatant was the 

intracellular soluble fraction. In order to separate the OM from the inner membrane the pellet 

was resuspended in HEPES containing 2% N-lauroylsarcosine and centrifuged (1.5 h, 

15 000 rpm, 20 °C). The OM pellet was resuspended in the same buffer [93]. Samples were 

stored at -20 °C until further analysis. The MV fraction was purified by ultracentrifugation. 

200 mL cell suspension was harvested in the exponential growth phase by centrifugation (4 °C, 

3 000 × g, 10 min). The supernatant was filtered through 0.45 µm pore size filters and 

centrifuged for 1 h at 30 000 rpm [93] The MV-pellet was resuspended in 1 mL phosphate 

buffer and filtered through a 0.45 µm filter. Enrichment of the vesicle chains was performed 

according to the method described by Remis et al. [50] with minor changes. Cells were 

harvested in the late exponential growth phase, vortexed for 1 min and subsequently pelleted 

by centrifugation at 4 °C for 10 min and 5 000 rpm. The remaining culture supernatant was 

filtered successively through 0.45 µm and 0.2 µm pore size filters and centrifuged for 1 h at 

30 000 rpm. The pelleted vesicle chains were resuspended in 150 µL of phosphate buffer.  
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7.2.4 Subcellular proteome analysis of P. distincta ANT/505 

Protein concentration was determined with the Pierce-BCA-Assay Kit in triplicates according 

to the manufacturer’s instructions. 20 µg protein extract of each fraction was separated by 1D-

SDS-PAGE in a 10% acrylamide mini-Protean TXG gel. The preparation for MS-samples was 

performed according to Koch et al. [68]. Protein searches were performed using MaxQuant. 

The false discovery rate (FDR) on protein and peptide level was set to 0.01. %riBAQ-values 

(relative intensity-based absolute quantification) were calculated for semi-quantitative 

comparison between the different substrates. 

7.2.5 Scanning electron microscopy 

For the analysis of P. distincta ANT/505 cells with the scanning electron microscopy 109 cells 

were required. Therefore, the cells were counted with a Thoma counting chamber. The 

required volume of culture was washed with artificial seawater without FeSO4 [142]. The cells 

were resuspended in the same saline buffer and filtered onto a 0.2 µm polycarbonate filter. 

Cells adsorbed to a polycarbonate filter were fixed with a fixation solution for 30 min at 0 °C, 

for 90 min at room temperature and finally stored at 4 °C until further processing. Then the 

samples were treated with 2% tannic acid in washing buffer for 1 h, 1% osmium tetroxide in 

washing buffer for 1 h and 2% uranyl acetate in washing buffer for 1 h at room temperature - 

with washing steps in washing buffer in between. After dehydration in a graded series of 

aqueous ethanol solutions (10%, 30%, 50%, 70%, 80%, 90%) for 10 min each and a final 

treatment with 100% ethanol three times for 10 min, samples were critical point-dried with liquid 

CO2, mounted on aluminium stubs, sputtered with gold/palladium and examined with a 

scanning electron microscope EVO LS10. Micrographs of Figure 6 b, e and Figure 7 a were 

recorded with a scanning electron microscope Supra 40VP. Afterwards, the micrographs were 

edited by using Adobe Photoshop CS6. 

7.2.6 Transmission electron microscopy (TEM) 

The cells were either fixed with fixing solution (a) for 30 min at 4 °C and then for 90 min at 

room temperature (Figure 6 c) or were fixed with fixing solution (b) for 5 min at 40 °C by using 

a microwave processor for laboratory use, followed by 30 min at room temperature (Figure 6 

f, i). Finally, samples were stored over night at 4 °C until further processing. Subsequent to 

embedding in low gelling agarose, cells were washed in washing buffer, postfixed for 1 h, 

washed with 60% salt solution and then stained en bloc with 2% uranyl acetate in 90% salt 

solution for 90 min at room temperature. After dehydration in graded series of ethanol (20%, 

30%, 50%, 70%, 90% for 10 min each, two times 96% for 10 min and three times with 100% 

ethanol for 10 min) the material was embedded in AGAR 100 resin. Sections were cut on an 

ultramicrotome, stained with 4% aqueous uranyl acetate for 3 min followed by lead citrate for 
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30 s and analysed with a transmission electron microscope LEO 906. Afterwards, the 

micrographs were edited by using Adobe Photoshop CS6. 

7.2.7 Negative staining  

The flotation method was used for the negative staining procedures (a) to visualize outer 

membrane vesicles, and (b) to visualize isolated vesicle chains. (a) For visualization of 

vesicles, the method according to Thery et al. [143] was applied with minor changes. Briefly, 

vesicles were fixed and then allowed to adsorb onto a glow-discharged carbon-coated holey 

Pioloform film on a 400-mesh grid for 20 min. The grid was then transferred onto two droplets 

of PBS, onto a droplet of 1% aqueous glutaraldehyde for 5 min, onto eight droplets of deionized 

water for 2 min each, and finally onto a drop of 1% aqueous uranyl acetate for 5 min. After 

blotting with filter paper the grids were air-dried. (b) Isolated vesicle chains were fixed and 

adsorbed onto a glow-discharged carbon-coated holey Pioloform film on a 400-mesh grid for 

5 min. The grid was then transferred onto two droplets of deionized water, and finally onto a 

drop of 1% aqueous uranyl acetate for 15 s. After blotting with filter paper the grids were air-

dried. All samples were examined with a transmission electron microscope LEO 906 at an 

acceleration voltage of 80 kV. Afterwards, the micrographs were edited by using Adobe 

Photoshop CS6. 

7.2.8 Sampling of Meta-samples 

During the “Polarstern” cruise PS112-ANTXXXIII/3 from 17.03 – 06.05.2018 in the Southern 

Ocean sampling for metagenomics and metaproteomics was performed at two sampling sites 

(Site 1: near Elephant Island (61°00‘43.2“S, 54°59‘42.36“W), Site 2: between Bransfield and 

Clarence Island (61°59‘43.8“S, 53°59‘48.6“W)). With a CTD Rosette 80 L surface water from 

20 m depth were collected and sequentially filtered through 10 µm, 3 µm and 0.2 µm 

polycarbonate filters. The filters were stored at – 80 °C. Additionally 1 L of surface water was 

filtrated through a 0.8 µm cellulose filter. 50 mL of the flow through was incubated at 1 °C in 

the dark with the addition of 0.2% citrus pectin (>80% esterified) as well as apple pectin or 

peptone in triplicates. Cultured shook with the movement of the “Polarstern” and were moved 

per hand once a day. After 13 days (site 1) and respectively 8 days (site 2) the culture was 

filtered through 0.2 µm filters and the filters were stored with and without the addition of glycerol 

at - 80 °C.  

7.2.9 Isolation of genomic DNA 

The isolation of genomic DNA was performed in different procedures. For the environmental 

samples the metagenome was isolated with the protocol of Zhou et al. [144]. A quarter of the 

polycarbonate filter was cut into small pieces in a sterile petri dish. After addition of 1.35 mL of 

extraction buffer and 10 µL proteinase K (10 mg/mL) the sample was incubated at 37 °C for 
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30 min. 150 µL of a 20% SDS solution were added and incubated at 65 °C for 2 h. After 

centrifugation (6 000 × g, 10 min) the pellet was mixed with extraction buffer and SDS for 

10 min to ensure complete cell lysis. For nucleic acid separation the sample was mixed with a 

chloroform-isoamylalcohol solution (24:1). The aqueous phase was separated by 

centrifugation (10 000 × g, 10 min). The extraction step was repeated and the DNA was 

precipitated with 0.6 -vol% isopropanol at room temperature overnight. The DNA was pelleted 

(5 200 × g, 30 min) and washed with ice-cold ethanol (80%). The DNA was dried at RT and 

resuspended in 70 µL elution buffer.  

Other genomic DNA samples were isolated with the High Pure PCR Template Isolation Kit. 

Isolation was performed after manufacturer’s instructions. 

7.2.10 Agarose electrophoresis 

PCR fragments and genomic DNA were separated with agarose gel electrophoresis. The 

agarose was solved in TAE buffer by boiling it in the microwave oven. For visualization of DNA, 

15 µL of DNA dye were added to 200 mL agarose solution. The samples were mixed with 

6x fold loading buffer and loaded onto a 0.8% agarose gel. Gel electrophoresis was performed 

at 130 V for 20 min.  

7.2.11  Metagenomic sequencing and bioinformatical pipeline 

Metagenome sequencing was performed at the Department of Genomic and Applied 

Microbiology in Goettingen. If not further recommended all bioinformatical tools were used with 

default parameters. 

Biological duplicates of the surface water and of the cultivation samples (0.2% citrus pectin, 

>80% esterified) were analyzed for each sampling site. Library preparation was performed with 

the Illumina Nextera DNA sample preparation kit and the Nextera Index kit according to 

manufacturer´s instructions. The quality of the library was verified with the High Sensitivity 

DNA Kit using the Agilent Bioanalyser according to manufacturer´s instructions. Next 

generation sequencing was performed on an Illumina HiSeq 2500 System with 2 x 250 bp 

reads using a HiSeq Rapid PE Cluster Kit v.2 and a HiSeq Rapid SBS Kit v.2 with 500 cycles. 

Trimming of the reads was performed with BBDuk [145]. The quality of the reads before and 

after trimming was analyzed with FastQC [146]. Contig assembly of the reads was done with 

SPAdes genome assembler v.3.13.2 in meta mode with kmer values 21, 33, 55, 99 and 127 

[147]. For further analysis only contigs longer than 2500 bp were used. Open reading frame 

finding and annotation was performed using Prokka 1.12 including Prodigal [148].  



Material and Methods 

70 
  

7.2.12 PUL identification and analysis 

CAZymes were identified using dbCAN meta server, a local hmmscan and local blast. For 

hmmer the database dbCAN-HMMdb-V8 was used and for blast searches the Database 

CAZyDB.07312019 (http://bcb.unl.edu/dbCAN2/) [60]. dbCAN was used with default settings 

while local hmmscan was performed with an e-value of 1E-05. The results from hmmscan were 

filtered with the hmmscan-parser.sh script. Blast against the Cazy Database was performed 

with an e-value of 1E-05, a query coverage of 40% and an identity of 30%. Identification of 

TonB-dependent transporters and SusC/D pairs was performed with hmmscan with the Pfam 

32.0 [62] and TIGRfam 15.0 [58] databases with an e-value of 1E-05. TBDR contain the Pfam 

numbers PF00593, PF07715 and the bad scoring carboxypeptidase-domain PF13715. For 

identification of TBDR the PF00593 and PF07715 or the PF07715 with porin domains were 

required. The Bacteroidetes specific SusC-transporter requires the TIGRfam model 

TIGR04045 in addition to the TBDR Pfam models. SusD is either identified by PF07980 and 

PF14322 or PF12771 or PF12741. For a putative functional classification of TBDRs the 

TIGRfam models TIGR01778 (copper), TIGR01779 (vitamin B12), TIGR01782 

(polysaccharide), TIGR01783 (siderophore), TIGR01785 (heme) and TIGR01786 

(hemoglobin) were used. Sulfatases were identified with the Pfam model PF00884. ABC-

transporters and MSF-transporters were identified with Pfam models PF07690, PF13347, 

PF00005 and PF12848. Transcriptional regulators were identified with p2rp-web server 

(www.p2rp.org) [149]. The proteins were marked in the genome and if CAZymes and TBDRs 

were in a genomic location within maximum 7 genes between the PUL associated genes, this 

region is called a PUL.  

7.2.13 Taxonomical classification 

The diversity of bacteria in the environmental samples was determined with 16S-Tag-

Sequencing. With the polymerase chain reaction the V3-V4 region of the 16S-rDNA was 

amplified with the primers V3III-fw and V4III-rev (Table 10). The PCR product was purified via 

gel extraction with the Gel Extraction Kit with manufacturer´s instructions. The sequencing of 

the V3-V4 region was performed at the Department of Genomic and Applied Microbiology in 

Goettingen. The sequences were aligned against the SILVA database (version 132) [150].  

The taxonomical classification of the proteins was determined with Kaiju against the NCBI 

BLAST non-redundant protein database including eukaryotes [151]. Voronoi Tree Maps were 

generated using the web-based proteomaps tool (www.proteomaps.net) [65]. 
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7.2.14 Metaproteomic approach 

7.2.14.1 Preparation of MS-Samples 

The proteome was only extracted from the surface water samples and not from the pectin 

cultivations. The protein extraction was performed according to the protocol of Deusch and 

Seifert [152]. For each sampling site one eighth of three 0.2 µm filters was cut into small pieces. 

100 µL of resuspension buffer 1 and 150 µL of resuspension buffer 2 were added to the filter 

pieces, mixed well and incubated for 10 min at 60 °C and 1 200 rpm. Then 500 µL of DNAse 

buffer were added. The cells were disrupted by ultra-sonication and the cell extracts were 

incubated for 10 min at 37 °C and 1 200 rpm. The samples were centrifuged at 10 000 × g for 

10 min at 4 °C. The supernatant was mixed with 20% (v/v) trichloroacetic acid for protein 

precipitation. The samples were centrifuged for 30 min at 12 000 × g at 4 °C. The pellets were 

washed three times in precooled acetone for 10 min and dried by vacuum centrifugation. The 

pellet was resuspended in 35 µL loading buffer and proteins were denaturated by incubation 

for 5 min at 95 °C and 5 min in sonication bath. SDS-Page was performed with 4-20% 

acrylamide mini-Protean TXG gel. Each protein lane was cut into 20 equal pieces and the 

pieces were destained three times with washing solution. The gel pieces were dehydrated with 

1 mL acetonitrile for 20 min and dried in a vacuum centrifuge. After addition of 100 µL of 10 mM 

dithiothreitol in 25 mM ammonium bicarbonate buffer the samples were incubated for 1 hour 

at 56 °C, mixed well and then incubated for 45 min at RT in the dark. The pellet was washed 

with 25 mM ammonium bicarbonate buffer for 10 min at 37 °C and 900 rpm. The samples were 

again dehydrated with acetonitrile and dried in a vacuum centrifuge. Protein digestion was 

performed adding 1 mg/mL trypsin until the gel pieces were totally covered and incubated 

overnight at 37 °C. Reaction was stopped with 0.1% acetic acid and peptides were eluted in 

an ultra-sonication bath for 15 min. The supernatant was transferred to a new tube and 30% 

acetonitrile was added to the gel pieces for a second elution step. The supernatants were 

combined and concentrated to a volume of 15 – 20 µL. ZipTip-purification was performed 

according the following scheme: 

- 2 x 10 µL wetting solution (70% acetonitrile) 

- 2 x 10 µL equilibration solution (3% acetonitrile, 0.1% acetic acid) 

- 10 x up and down sample binding  

- 2 x 10 µL wash solution (0.1% acetic acid) 

- 5 x up and down in 10 µL elution solution (60% acetonitrile, 0.1% acetic acid) 

Eluted peptides were transferred to MS-vials, dried in a vacuum centrifuge and resuspended 

in 0.1% acetic acid. Samples were stored until mass spectrometry at – 20 °C. Peptides were 

analyzed on an Orbitrap Elite using the data independent mode. Mass spectrometric data was  
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analyzed with Mascot and X!Tandem with maximal 2 missed cleavages. The results were 

combined in Scaffold and analysis was performed with protein clustering. For identification, at 

least two peptides have to be assigned for one protein. The false discovery rate on peptide 

and protein level was set to 1% FDR. The normalized spectral abundance factor in percent 

(%NSAF) was calculated with Scaffold and was manually corrected. Therefore, the sum of all 

NSAF-values was calculated for each replicate and each NSAF was divided by the sum. This 

was necessary because the sum of all NSAF values in the replicates was divergent before. 

With the manual correction the sum was set to “1” for combined analysis. Quantified proteins 

have to be found in at least two replicates and the average values were calculated. If the 

protein was only identified in two replicates, the value of the third replicate was set to “0”.  

7.2.14.1 Isolation of bacteria from environmental samples 

The filters from the cultivation approach were stored in glycerol in order to reactivate the grown 

bacteria. To this purpose, half of a filter was used to rinse the bacteria with 800 µL MPM media 

from the filter. In order to isolate copiotrophic and oligotrophic bacteria, the cell suspension 

was plated on MB-agar plates and on MPM agar plates supplemented with 0.2, 0.1, 0.05 or 

0.01% citrus pectin (>80% esterified). The agar plates were incubated at 4 °C in the dark. 

Grown bacterial colonies were streaked several times on agar plates with the same media to 

obtain pure bacterial cultures. Afterwards the single colonies were transferred to liquid media 

and incubated in cell tissue flasks at 4 °C and 120 rpm. Cell growth was determined by OD 

measurement. Genomic DNA was isolated from the bacteria and the full 16S-rDNA was 

amplified with the primers GM1F, GM1R, 907RM, 907FK, GM3F and GM4R (Table 10) and 

purified via gel extraction. The 16S-rDNA was sequenced and aligned against the SILVA 

database (version 132) [150]. 
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9. Appendix 

 

Figure 28: Comparison of the P. distincta ANT/505 genome with genomes from other 
psychrophilic marine Pseudoalteromonas strains using BRIG [153]. Identified putative PUL-like 
structures are indicated. Numbering of PULs corresponds to Figure 5. PUL 1 corresponds to the pectin 
PUL and PUL 3 to the alginate PUL. Image was created by Daniel Bartosik. 
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Figure 29: Growth curves of P. distincta ANT/505 with the three different carbon sources (0.2%). 

a alginate, b pectin, c peptone.  Arrows mark the sampling point for the proteome and the microscopic 

analyses. 

 

 

 

Figure 30: Scanning electron micrographs of pectin-grown P. distincta ANT/505 producing 

extracellular polymeric substances. Formation of thin filaments suggest an interlinkage of the cells 

during biofilm formation. a Biofilm formation during growth in liquid media (shake flask). VC are marked 

with an arrow b Biofilm formation during growth on solid media (agar plate). Bar: 1 µm 
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Figure 31 Contribution of cytoplasmic, membrane-bound, periplasmic and extracellular proteins 

to total protein counts in all sample types. The number of quantified proteins per predicted 

localization (in % of all proteins in the sample) are given for the individual subproteomes (IC: intracellular 

soluble, VC: vesicle chain, MV: membrane vesicle, OM: outer membrane) of peptone-, pectin- and 

alginate-grown cells of P. distincta ANT/505. Localization was predicted using PSORTb [53]. Note that 

while the respective share of protein counts for each predicted subcellular localization is quite similar 

across all sample types, overall protein abundances (sum %riBAQ) vary considerably between samples 

(Figure 12).
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Figure 32: Abundance of pectin utilization proteins. Shown are mean %riBAQ values and their 

standard deviation (n=3) of specific pectin utilization proteins encoded in the pectin PUL or in distal 

genomic regions in the VC and intracellular soluble subproteome fractions during growth on pectin and 

peptone. Asterisks mark low-abundant proteins. Genomic organization and functional classification of 

the genes is shown below the bar chart. Operons were predicted using FGENESB[56]. Vesicle chain: 

VC, IC: intracellular soluble, TBDR: TonB-dependent receptor, PL: polysaccharide lyase. 

 



Appendix 

88 
  

 

Figure 33: Abundance of alginate utilization proteins. Shown are mean %riBAQ values and their 

standard deviation (n=3) of specific alginate utilization proteins encoded in the alginate PUL or in distal 

genomic regions in the VC and intracellular soluble subproteome fractions during growth on alginate 

and peptone. Asterisks mark low-abundant proteins. Genomic organization and functional classification 

of the genes is shown below the bar chart. Operons were predicted using FGENESB [56]. Vesicle chain: 

VC, IC: intracellular soluble, TBDR: TonB-dependent receptor, PL: polysaccharide lyase. 
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Figure 34: PHASTER results of contigs 27 and 28 of P. distincta ANT/505 [52]. Asterisks mark the 

proteins which were found in the subproteomes. Figure was created by Daniel Bartosik. 
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Figure 35: Abundance of polysaccharides of the two sampling sites in the Southern Ocean. Heat 

map shows the mean spot signal intensities of two replicates from the 10 µm and 3 µm filters for three 

different solvents (MilliQ, EDTA and NaOH). The sugar specific monoclonal antibody (mAb) is marked 

in brackets. S1: sampling site 1, S2: sampling site 2. 
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Table 18: Genomic characteristics of the metagenome samples from the pectin dependent 

cultivations from the Southern Ocean. 

 

 

 

 

 

 

 

 

 

 

 S1 S2 

contigs (total) 263 849 49 150 

contigs >2 500 bp 8 683 2 085 

Number of bases (Mb) 81.9 38.6 

GC content (%) 37.7 39.2 

   

Coding sequences 70 039 33 489 

Number of rRNA sequences 38 39 

Number of tRNA sequences 1 039 556 

Hypothetical proteins 21 462 8 103 
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Table 19: Summary of the 50 abundant proteins identified in the MV fractions during growth on alginate. The abundance and predicted localization of these 

proteins in the other fractions is also shown. E: extracellular, P: periplasmic, C: cytoplasmic, OM: outer membrane, IM: inner membrane, N/A: not assigned 
  

Intracellular soluble Outer Membrane Vesicle chains Membrane 
vesicles 

Protein ID Description Localization riBAQ% Rank riBAQ% Rank riBAQ% Rank riBAQ% Rank 

EGI73903 flagellin E 0.215 88 9.719 2 10.878 1 6.883 1 

EGI73113 alkaline phosphatase P 0.049 250 0.028 275 4.855 4 6.673 2 

EGI73213 phage major capsid protein, P2 family C 0.001 1639 0.037 233 7.118 2 5.295 3 

EGI73165 hypothetical protein N/A 0.003 1104 0.283 64 5.786 3 4.373 4 

EGI73168 hypothetical protein N/A 0.001 1400 0.030 261 2.987 8 3.880 5 

EGI73112 alkaline phosphatase P 0.027 356 0.017 336 4.404 5 3.609 6 

EGI74721 TonB-dependent receptor OM 0.258 77 4.512 3 3.213 6 3.107 7 

EGI73208 putative phage protein C N/A N/A 0.006 496 2.968 9 2.941 8 

EGI72116 MotA/TolQ/ExbB proton channel family protein IM 2.043 7 1.999 9 2.955 10 2.904 9 

EGI73810 hypothetical protein N/A 0.008 698 0.029 272 3.197 7 1.872 10 

EGI73902 flagellin E 0.039 292 1.951 10 2.185 13 1.803 11 

EGI72115 TonB system biopolymer transport component C 1.541 11 1.032 18 0.941 25 1.437 12 

EGI75076 TonB-dependent receptor OM 0.260 76 1.618 12 2.602 11 1.401 13 

EGI72211 hypothetical protein E 0.101 158 0.067 175 0.968 24 1.236 14 

EGI73901 flagellin E 0.041 284 2.040 8 2.566 12 1.208 15 

EGI74899 glycerophosphoryl diester phosphodiesterase N/A 0.007 745 0.012 389 0.816 27 1.167 16 

EGI73163 hypothetical protein C 0.004 1009 0.075 159 1.222 18 1.158 17 

EGI71401 alkaline phosphatase N/A 0.003 1123 N/A N/A 1.394 15 1.042 18 

EGI71761 TonB-dependent receptor OM 0.094 164 0.628 32 1.162 20 1.007 19 

EGI73444 Ig domain protein, group 1 domain protein N/A 0.012 564 0.133 108 1.090 22 0.978 20 

EGI73911 flagellar hook protein FlgE E 0.006 822 1.027 19 1.278 17 0.952 21 

EGI74129 TonB-dependent receptor, plug OM 0.111 145 1.433 13 0.762 31 0.865 22 

EGI73736 50S ribosomal protein L5 C 3.091 1 0.497 37 0.000 774 0.824 23 

EGI73355 TonB-dependent receptor OM 0.114 140 0.398 44 1.363 16 0.817 24 
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EGI74203 outer membrane protein similar to peptidoglycan-
associated (lipo)protein 

OM 0.323 69 0.681 30 0.378 49 0.747 25 

EGI74330 hypothetical protein N/A 0.002 1253 0.000 933 0.383 47 0.726 26 

EGI74084 peptidyl-prolyl cis-trans isomerase PpiA precursor N/A  N/A N/A N/A N/A 0.845 26 0.707 27 

EGI72118 biopolymer transport protein ExbD/TolR C 0.369 64 0.145 98 0.200 68 0.707 28 

EGI75279 50S ribosomal protein L3 C 1.785 10 0.532 35 0.001 563 0.677 29 

EGI74035 TonB-dependent receptor OM 0.053 232 0.734 26 1.046 23 0.665 30 

EGI75278 50S ribosomal protein L4 C 1.935 8 0.085 143 0.000 785 0.661 31 

EGI72771 18K peptidoglycan-associated outer membrane 
lipoprotein (PAL) 

OM 0.276 75 2.843 6 0.289 52 0.643 32 

EGI73729 50S ribosomal protein L15 C 2.779 2 1.341 15 0.002 449 0.607 33 

EGI73811 hypothetical protein N/A 0.002 1263 0.005 528 1.128 21 0.546 34 

EGI74959 hypothetical protein N/A 0.026 363 0.370 47 0.609 36 0.528 35 

EGI72824 TonB-dependent receptor OM 0.027 355 0.708 28 1.218 19 0.523 36 

EGI75274 50S ribosomal protein L22 C 1.518 13 0.062 182 0.001 568 0.518 37 

EGI71832 chitinase N/A  N/A N/A N/A N/A 0.726 32 0.517 38 

EGI73440 hypothetical protein N/A 0.017 469 0.011 406 0.808 29 0.510 39 

EGI73164 hypothetical protein N/A  N/A N/A 0.001 862 0.624 34 0.488 40 

EGI73722 50S ribosomal protein L17 C 2.066 6 0.294 59 0.009 281 0.473 41 

EGI74162 hypothetical protein N/A 0.088 175 0.147 97 0.560 39 0.469 42 

EGI74904 TonB-dependent receptor OM 0.094 163 1.327 17 0.780 30 0.467 43 

EGI73737 50S ribosomal protein L24 C 0.664 42 0.042 221 N/A N/A 0.456 44 

EGI73081 putative protease N/A 0.001 1636 N/A N/A 0.726 33 0.443 45 

EGI73167 membrane-bound lytic murein transglycosylase C 
precursor 

P  N/A N/A 0.001 842 0.383 46 0.427 46 

EGI73726 30S ribosomal protein S13 C 0.800 35 0.177 84 0.016 218 0.419 47 

EGI73734 30S ribosomal protein S8 C 2.773 3 0.411 41 0.002 461 0.415 48 

EGI73724 30S ribosomal protein S4  C 1.857 9 0.281 65 0.011 254 0.399 49 

EGI72120 TPR domain protein, putative component of TonB 
system 

N/A 0.379 61 0.399 43 0.303 51 0.397 50 
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Table 20: Summary of the 50 abundant proteins identified in the MV fractions during growth on pectin. The abundance and predicted localization of these 

proteins in the other fractions is also shown. E: extracellular, P: periplasmic, C: cytoplasmic, OM: outer membrane, IM: inner membrane, N/A: not assigned 
  

Intracellular soluble Outer Membrane  Vesicle chains Membrane 
vesicles 

Protein ID Description Localization riBAQ% Rank riBAQ% Rank riBAQ% Rank riBAQ% Rank 

EGI73616 TonB-dependent receptor OM 2.058 7 7.475 3 13.709 1 11.234 1 

EGI73903 flagellin E 0.888 24 16.984 2 11.610 2 9.949 2 

EGI73213 phage major capsid protein, P2 family C  N/A N/A 0.015 162 2.701 7 7.075 3 

EGI74721 TonB-dependent receptor OM 1.072 15 24.411 1 6.158 3 4.009 4 

EGI73113 alkaline phosphatase P 0.106 145 0.088 72 2.054 11 3.605 5 

EGI72116 MotA/TolQ/ExbB proton channel family protein IM 1.333 12 0.222 36 2.397 9 2.788 6 

EGI73810 hypothetical protein N/A 0.079 175 0.075 79 3.501 5 2.678 7 

EGI73112 alkaline phosphatase P 0.059 219 0.060 90 1.483 16 2.312 8 

EGI73168 hypothetical protein N/A 0.015 478 0.015 168 1.710 13 2.309 9 

EGI73902 flagellin E 0.052 239 2.556 8 0.250 57 2.255 10 

EGI72211 hypothetical protein E 0.374 70 0.011 196 2.609 8 2.187 11 

EGI73208 putative phage protein C  N/A N/A 0.011 193 0.936 20 2.154 12 

EGI73901 flagellin E 0.333 72 3.162 6 3.761 4 2.061 13 

EGI73602 TBDR (TonB-dependent receptor) OM 0.283 84 0.555 19 3.410 6 2.038 14 

EGI73165 hypothetical protein N/A 0.000 1615 0.011 192 1.662 14 1.745 15 

EGI71179 hypothetical protein N/A  N/A N/A 0.013 178 2.112 10 1.238 16 

EGI72115 TonB system biopolymer transport component C 0.975 21 0.492 24 1.044 18 1.134 17 

EGI73440 hypothetical protein N/A 0.101 147 0.065 86 0.813 24 1.110 18 

EGI74129 TonB-dependent receptor, plug OM 0.453 60 4.953 5 1.497 15 1.049 19 

EGI74035 TonB-dependent receptor OM 0.256 85 7.362 4 1.316 17 0.992 20 

EGI73911 flagellar hook protein FlgE E 0.024 367 2.003 10 0.114 96 0.973 21 

EGI72352 hypothetical protein N/A 0.057 226 0.011 191 0.122 90 0.803 22 

EGI74776 pectate lyase precursor E 0.129 124 0.027 129 1.913 12 0.784 23 

EGI74203 outer membrane protein similar to peptidoglycan-
associated (lipo)protein 

OM 0.179 110 0.254 34 0.652 29 0.752 24 



 

 

  
 

 
 

 
 

 
 

 
 

 
A

p
p
e

n
d

ix
 

9
5
 

EGI74959 hypothetical protein N/A 0.072 190 0.378 27 0.727 25 0.735 25 

EGI73355 TonB-dependent receptor OM 0.091 165 0.058 92 0.843 22 0.731 26 

EGI71401 alkaline phosphatase N/A 0.009 609 0.003 304 0.508 37 0.693 27 

EGI73811 hypothetical protein N/A 0.015 471 0.016 160 0.985 19 0.684 28 

EGI71484 TonB-dependent receptor OM 0.037 292 0.548 20 0.593 30 0.629 29 

EGI73444 Ig domain protein, group 1 domain protein N/A 0.026 354 0.421 26 0.823 23 0.604 30 

EGI73199 hypothetical protein N/A  N/A N/A N/A N/A 0.133 87 0.597 31 

EGI72771 18K peptidoglycan-associated outer membrane 
lipoprotein 

OM 0.067 203 0.363 28 0.895 21 0.596 32 

EGI75130 hypothetical protein N/A  N/A N/A 0.013 179 0.017 246 0.582 33 

EGI74899 glycerophosphoryl diester phosphodiesterase N/A 0.012 528 0.001 463 0.177 73 0.581 34 

EGI73576 hypothetical protein N/A 0.016 454 0.001 422 0.215 63 0.499 35 

EGI74162 hypothetical protein N/A 0.129 125 0.039 111 0.655 28 0.491 36 

EGI74904 TonB-dependent receptor OM 0.070 196 1.803 12 0.557 34 0.487 37 

EGI72824 TonB-dependent receptor OM 0.024 368 1.822 11 0.567 33 0.482 38 

EGI73601 pectate lyase, methylesterase E 0.297 80 0.265 33 0.722 26 0.475 39 

EGI71653 TonB-dependent receptor OM 0.004 812 0.003 308 0.309 52 0.453 40 

EGI73610 DNA-directed RNA polymerase, alpha subunit N/A 0.138 121 0.029 126 0.581 31 0.451 41 

EGI74330 hypothetical protein N/A 0.002 1021 N/A N/A 0.569 32 0.437 42 

EGI73577 TonB-dependent receptor OM 0.005 784 0.001 436 0.200 65 0.400 43 

EGI72738 translation initiation factor 3 C 0.316 77 0.000 608 0.525 35 0.398 44 

EGI72118 biopolymer transport protein ExbD/TolR C 0.173 112 0.145 49 0.196 68 0.383 45 

EGI73084 peptidase S8 and S53, subtilisin, kexin, sedolisin E 0.093 161 0.001 427 0.406 39 0.368 46 

EGI75155 type IV pilin PilA E 0.710 41 0.108 64 0.679 27 0.366 47 

EGI74084 peptidyl-prolyl cis-trans isomerase PpiA precursor N/A  N/A N/A N/A N/A 0.331 48 0.351 48 

EGI71692 TonB-dependent receptor N/A 0.018 421 1.052 14 0.206 64 0.333 49 

EGI73416 putative lipoprotein N/A 0.118 134 3.088 7 0.318 50 0.333 50 
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Table 21 Summary of the 50 abundant proteins identified in the MV fractions during growth on peptone. The abundance and predicted localization of these 

proteins in the other fractions is also shown. E: extracellular, P: periplasmic, C: cytoplasmic, OM: outer membrane, IM: inner membrane, N/A: not assigned 
  

Intracellular soluble Outer Membrane  Vesicle chains Membrane 
vesicles 

Protein ID Description Localization riBAQ% Rank riBAQ% Rank riBAQ% Rank riBAQ% Rank 

EGI73113 alkaline phosphatase P 0.117 110 0.010 312 5.087 5 15.222 1 

EGI73112 alkaline phosphatase P 0.059 157 0.007 353 6.273 3 8.806 2 

EGI73165 hypothetical protein N/A 0.001 769 0.002 496 7.104 1 6.647 3 

EGI74721 TonB-dependent receptor OM 0.988 29 14.328 2 5.320 4 6.035 4 

EGI73213 phage major capsid protein, P2 family C 0.003 582 0.162 71 7.001 2 4.514 5 

EGI73168 hypothetical protein N/A 0.020 266 0.010 310 3.404 7 3.784 6 

EGI71401 alkaline phosphatase N/A 0.013 327 N/A N/A 2.424 9 3.167 7 

EGI74899 glycerophosphoryl diester phosphodiesterase N/A 0.004 524 0.004 436 1.648 15 2.639 8 

EGI73810 hypothetical protein N/A 0.020 263 0.016 261 4.072 6 2.238 9 

EGI73208 putative phage protein C 0.002 650 0.013 280 2.277 11 2.143 10 

EGI73163 hypothetical protein C 0.006 461 0.027 213 1.714 14 1.726 11 

EGI72116 MotA/TolQ/ExbB proton channel family protein IM 3.025 6 2.324 8 2.423 10 1.686 12 

EGI72211 hypothetical protein E 0.140 101 0.115 91 0.837 27 1.657 13 

EGI73903 flagellin E 0.213 79 8.503 3 3.354 8 1.589 14 

EGI73084 peptidase S8 and S53, subtilisin, kexin, sedolisin E 0.065 150 0.039 175 1.019 22 1.274 15 

EGI74129 TonB-dependent receptor, plug OM 0.246 75 3.376 6 0.970 24 1.263 16 

EGI72260 TonB-dependent receptor OM 0.451 50 15.884 1 0.864 26 1.205 17 

EGI73444 Ig domain protein, group 1 domain protein N/A 0.020 270 0.108 99 1.767 13 1.145 18 

EGI73440 hypothetical protein N/A 0.015 307 0.024 228 1.357 16 1.026 19 

EGI72115 TonB system biopolymer transport component C 1.514 18 1.563 10 0.986 23 0.945 20 

EGI74904 TonB-dependent receptor OM 0.149 97 1.872 9 0.764 30 0.890 21 

EGI74901 dipeptidyl carboxypeptidase Dcp C 0.459 48 1.330 14 0.533 41 0.858 22 

EGI73164 hypothetical protein N/A N/A  N/A N/A N/A 0.630 39 0.842 23 

EGI71484 TonB-dependent receptor OM 0.100 117 1.150 16 0.826 28 0.787 24 
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EGI74959 hypothetical protein N/A 0.074 140 0.269 46 1.033 21 0.750 25 

EGI73576 hypothetical protein N/A 0.020 265 0.001 593 0.894 25 0.736 26 

EGI73811 hypothetical protein N/A 0.003 573 0.002 535 1.170 18 0.729 27 

EGI71832 chitinase N/A 0.001 994 N/A N/A 1.171 17 0.620 28 

EGI73577 TonB-dependent receptor OM 0.005 507 0.000 778 0.276 60 0.604 29 

EGI71222 long-chain fatty acid transport protein precursor OM 0.070 145 0.240 51 0.674 35 0.575 30 

EGI72118 biopolymer transport protein ExbD/TolR C 0.341 58 0.224 55 0.287 57 0.529 31 

EGI71653 TonB-dependent receptor OM 0.007 430 0.024 229 0.308 55 0.516 32 

EGI74078 
Oar-like outer membrane protein protein, OmpA 
family OM 0.020 271 0.407 37 0.670 36 0.502 33 

EGI72209 hypothetical protein N/A 0.002 649 0.005 403 0.311 54 0.496 34 

EGI73167 
membrane-bound lytic murein transglycosylase C 
precursor P 0.000 1060 N/A N/A 0.431 48 0.488 35 

EGI74162 hypothetical protein N/A 0.078 137 0.080 116 0.516 43 0.484 36 

EGI71595 hypothetical protein C 0.150 96 0.575 26 0.176 81 0.468 37 

EGI74203 
outer membrane protein similar to peptidoglycan-
associated (lipo)protein OM 0.133 103 0.175 67 0.255 61 0.451 38 

EGI72051 hypothetical protein OM 0.022 253 0.001 614 0.620 40 0.432 39 

EGI73901 flagellin E 0.028 225 1.535 12 0.722 33 0.431 40 

EGI74917 esterase IM 0.001 996 0.004 411 0.331 52 0.428 41 

EGI71179 hypothetical protein N/A N/A  N/A N/A N/A 0.468 45 0.416 42 

EGI74330 hypothetical protein N/A 0.001 878 N/A N/A 0.369 51 0.411 43 

EGI72771 
18K peptidoglycan-associated outer membrane 
lipoprotein OM 0.471 47 0.456 30 0.520 42 0.411 44 

EGI74084 peptidyl-prolyl cis-trans isomerase PpiA precursor N/A N/A  N/A N/A N/A 1.800 12 0.395 45 

EGI74849 hypothetical protein OM 0.012 331 0.031 204 0.422 49 0.337 46 

EGI73214 putative capsid scaffolding protein C N/A  N/A N/A N/A 0.169 84 0.335 47 

EGI74995 hypothetical protein P 0.003 606 0.004 423 0.762 31 0.321 48 

EGI72210 hypothetical protein OM 0.004 547 0.010 306 0.186 76 0.321 49 

EGI75130 hypothetical protein N/A N/A  N/A 0.154 75 0.118 100 0.318 50 
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