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Abstract  

Gel particles including biopolymers, microgels, transparent exoploymeric particles (TEP), and 

other classes of exopolymeric substances (EPS) are ubiquitous in the marine environment. 

Despite the different names for these gel particles in the literature they represent closely related 

materials and will be referred to simply as marine gel particles (MGPs). MGPs have a natural 

ability to aggregate, forming large particles of ‘marine snow’ that play an important role in the 

carbon flux to the ocean floor and the biogeochemical cycling of carbon in the sea. MGP 

aggregates are also a habitat for bacteria and their metabolic activities can affect the structure 

and dynamics of the MGPs. Extracellular DNA (eDNA) as an abundant element in the marine 

environment. eDNA is a key component in the structural integrity of some biofilms, and 

likewise could have similar effect on the structure of MGP aggregates. Hence, it is 

hypothesized here that extracellular DNA (eDNA) is present in MGPs as a result of bacterial 

growth and lysis. Therefore, the aim of this study was to investigate the presence of eDNA in 

MGPs. In addition, to characterise the bacterial community associated with MGPs and to 

examine their functional potential focusing on the occurrence of nuclease genes. A further aim 

was to investigate the production of deoxyribonuclease (DNase) by marine bacteria isolated 

from free living and attached bacteria. Seawater samples collected from the North Sea and 

filtered through a 100-µm sieve and a 0.4 µm polycarbonate filters to collect MGPs. eDNA 

occurrence was probed by bioimaging with cell-impermeant fluorescent DNA dyes YOYO-1 

and TOTO-3. For the bacterial community structure and function analysis, MGPs were 

subjected to total DNA extraction and sequencing of the V4 region of the 16S rRNA gene using 

illumina MiSeq. Marine bacterial isolates were also investigated for DNase secretion on methyl 

green DNase test agar, with genome sequencing being carried out for the most productive 

DNase isolate. Results of the bioimaging analysis and quantification of the MGP composition 

demonstrated for the first time the presence of eDNA in MGPs. Proteobacteria dominated the 

bacterial community structure within MGPs, where Pseudoalteromonas and Vibrio were the 

most abundant genera. The bioinformatics based functional predictions of the bacterial 

community using KEGG analysis also affirmed the presence of numerous nuclease genes. The 

results from studies of isolated strains reported for the first time DNase secreting bacteria 

associated with MGPs in the North Sea. Additionally, there are 43 nuclease genes present in 

the genome of the prolific DNase producer Serratia marcescens. In conclusion, the co-
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occurrence of eDNA and DNases in the MGPs indicate important implications for 

understanding the dynamics and properties of MGP in the world’s oceans. This work can 

contribute to a further understanding of the role of the bacterial activities in MGPs formation, 

degradation and sedimentation processes.           
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 Introduction  

1.1 Background  

Carbon dioxide is the main driver of global climate change. Oceans are a natural and active 

carbon sink on earth. About 50% of anthropogenic CO2 remains in the atmosphere, whereas 

about 25% enters the oceans and about 25% is absorbed by land vegetation (Passow and 

Carlson, 2012; Ciais et al., 2014). The ocean provides a dynamic cycling system where 

inorganic carbon is processed through three main vertical pumps; the solubility pump, the 

carbonate pump and the biological pump (for reviews Legendre et al., 2015 and references 

therein ). These processes drive carbon sequestration and eventually settled on the ocean’s floor 

via sedimentation of organic matter (OM) and particulate organic matter (POM) sinking 

aggregates. This process is attenuating the carbon from the atmosphere and therefore alleviating 

the global climate problem. Moreover, dissolved organic matter (DOM) and POM are both the 

vehicle by which the carbon is transported from the surface to the deep of the oceans. The 

aggregation of the POM is facilitated by sticky gels made up of exopolymeric materials (EPM) 

that holds the particles. The cycling of POM by marine microbial communities largely drives 

its degradation and is thus a process in helping to define carbon fluxes to the deep sea. Hence, 

bacteria are mediating the transformation processes of the sinking aggregates by altering the 

OM transport dynamics through the continuous cycles of aggregation and degradation the 

particles undergoing until it reaches the sea floor. This uncharacterised process is raising 

important questions about what are the factors controlling the fate of these sinking particles? 

And what are the causes of the continuous aggregation and disintegration processes of the DOM 

and POM? Yet these questions have not been fully addressed.  

It is of paramount importance to understand the stability of gel particles and therefore, it is 

necessary to fully understand the composition of the gel particles. Despite the importance of 

extracellular DNA (eDNA) as an abundant element in the marine environment and as a key 

structural component in three-dimensional biofilms (Whitchurch et al., 2002). The eDNA 

component has been overlooked in the gel particles of the oceans. Similarly, eDNA could affect 

the structural integrity of gel particles as it is made up of microbial extracellular polymeric 

substances (EPS), which can form both biofilms and suspended aggregates. EPS is a component 

that could drive aggregation and by means of harbouring bacterial communities that release 

enzymes by which disintegration can occur.   
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1.2 Gel particles in the ocean: origin and various terminologies 

Gel particles are ubiquitous in the ocean in various shapes and forms with an estimated 

abundance of around 106 -108 particles l-1 (Cisternas-Novoa et al., 2015). Generally, gel 

particles are defined as a hydrated porous gel polymer matrix made up of EPS (Verdugo et al., 

2004). Gel particles are formed by biotic and abiotic processes. Biotic formation occurs 

following EPS release from bacteria, phytoplankton mainly diatoms, and macroalgae (Decho 

and Moriarty, 1990; Kiørboe and Hansen, 1993; Passow, 2002a; Thornton, 2004; Chen and 

Thornton, 2015; Li et al., 2015; Decho and Gutierrez, 2017). In contrast, abiotic formation 

involves the spontaneous assembly of dissolved organic matter (DOM), from small precursors 

to larger particulate organic matter (POM) (Chin et al., 1998; Passow, 2000; Engel et al., 2004). 

The sticky property of gel particles facilitates the annealing process that forms bigger 

aggregates such as marine snow and sinking aggregates, as it enables the adherence of 

organisms, detritus and other materials (Azetsu-Scott and Passow, 2004). 

Gel particle production occurs in the surface ocean and is found to be highest following algal 

blooms (Engel, 2004; Verdugo, 2012). The gel particles are less dense than seawater when not 

attached to other particles or organisms. Consequently, gel particles tend to migrate vertically 

upwards to the sea surface, accumulating in the sea surface microlayer (SML) to concentration 

typically 40 times higher than in underlying water (Cunliffe et al., 2013; Galgani and Engel, 

2013; Wurl et al., 2016). The SML occupies the uppermost few hundred m of the ocean 

surface in direct contact with the atmosphere. Its physicochemical and biological properties are 

distinct from those of the underlying water and it is the interface through which ocean-

atmosphere exchange of gases and particles takes place (Cunliffe et al., 2011). 

Gel particles in the ocean have been reported in the literature using different terms to describe 

particles larger than 0.4 µm in diameter, including gel organic matter (GOM) or polymer gels, 

marine microgel, transparent exopolymeric particles (TEP), extracellular polymeric substances 

(EPS), microbial polymers, biopolymers, marine flocs, marine colloids and other classes of 

exopolymeric materials (Alldredge et al., 1993; Chin et al., 1998; Hatcher et al., 2001; Sheng 

et al., 2010; Verdugo and Santschi, 2010). However, these terms describe virtually the same 

things that are all part of the POM pool (Xu et al., 2019 and references therein). For the reason 

that all these gel polymers are by definition made up of EPS, they may have similar composition 

(Samo et al., 2008; Engel, 2009). Regardless of the different terminologies and classification 

of these gel particles, it is challenging to differentiate between them when in their natural state 

and unstained. Gel particles will henceforth be referred to here as marine gel particles (MGPs), 
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to include all hydrated gel biopolymers made up of EPS, consisting of polysaccharides, 

proteins, and nucleic acid (Sheng et al., 2010; More et al., 2014; Flemming, 2016). MGPs 

appear under the microscope in different irregular forms and shapes, for example filamentous 

and sheet like (Simon et al., 2002; Verdugo et al., 2004).  

1.3 The composition of marine gel particles (MGP) 

The composition of small MGP reported in the literature has traditionally been based on a 

colorimetric method that classifies them into two discrete types, based on the staining dye to 

which they bind (Engel and Passow, 2001). Gel particles composed predominantly of 

polysaccharides are called transparent exopolymeric particles (TEP) and can be stained with 

Alcian blue, an acidic polysaccharide stain (Alldredge et al., 1993). The other class of gel 

particles is proteinaceous, (Figure 1.2), which can be stained with Coomassie Brilliant Blue and 

are termed Coomassie stainable particles (CSP) (Long and Azam, 1996; Cisternas-Novoa et al., 

2014). The overlap of the colour grade of the Alcian blue and Coomassie brilliant stains remains 

a subject of debate as neither TEP nor CSP can be distinguished separately if stained 

simultaneously (Engel et al., 2004). However, currently, TEP and CSP are the only categories 

recognised in marine gel particle research (Figure 1.2) (Cisternas-Novoa et al., 2014; Cisternas-

Novoa et al., 2015; Thornton, 2018). This classification limits the understanding of MGP 

composition to polysaccharides and proteins and therefore neglects other components that 

might be present and contribute to MGP structure. Consequently, the detailed composition of 

MGP is not yet fully characterised. However, the small MGP pool in the ocean evidently is 

heterogeneous (Verdugo and Santschi, 2010), and further investigations are therefore required 

to fully understand the full range of compositions.  In comparison, large marine gel aggregates 

(e.g. marine snow) have been investigated using fluorescence dyes and microscopy (Holloway 

and Cowen, 1997a; Flintrop et al., 2018).   
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Figure 1.1 Images of stained particles from a culture of the diatom Thalassiosira weissflogii collected 

simultaneously. Coomassie stainable particles (CSP) (A) and Alcian blue stained transparent 

exopolymeric particles (TEP) (B). Scale bars 100 µm (Thornton, 2018). 

 

 

Figure 1.2 Marine gel particle image (marine snow aggregate) obtained by confocal laser scanning 

microscopy: blue, polysaccharide-containing structures; green, structures containing nucleic acids; red, 

structures containing chlorophyll. Top right: Marine snow aggregates stained with Coomassie Brilliant 

Blue G (staining of CSP) and lower right marine snow aggregate stained with Alcian blue (staining of 

TEP) (Busch et al., 2017). 
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1.4 MGP and associated bacteria 

The natural ability of MGP to aggregate and form flocs makes them a favourable 

microenvironment for diverse bacterial communities (Ploug and Grossart, 2000; Simon et al., 

2002). Typical MGP bacterial abundances may be 10,000-fold, higher than in the surrounding 

seawater (Ploug and Grossart, 2000; Grossart et al., 2006) making them intense “hot spots” of 

microbial and biogeochemical activity (Alldredge et al., 1986; Herndl and Peduzzi, 1988; Mari 

et al., 2007). For heterotrophic bacteria MGP are especially rich in nutrients and surface-bound 

extracellular enzymes that can be used in processing MGP components. The interaction of 

bacterial communities with MGP thus plays a crucial role in the formation and degradation of 

organic matter in the ocean (Logue et al., 2016). Consequently, this has a large impact on 

marine biogeochemical cycles and the dynamics of sinking marine-sinking aggregates (Jiao et 

al., 2014).  

A number of studies have reported the diversity of bacterial communities associated with MGP, 

marine picoplankton particles, and bacterial communities attached to particles (DeLong et al., 

1993; Rath et al., 1998; Ganesh et al., 2014; Busch et al., 2017; Mestre et al., 2017; 

Mühlenbruch et al., 2018). The MGP attached microbial communities are phylogenetically 

distinct, with different functional capabilities compared to free living microbes in surrounding 

waters (Mével et al., 2008; Ortega-Retuerta et al., 2013; Rieck et al., 2015). There is an 

agreement on some specific groups that are enriched in some particle communities, such as 

Proteobacteria, Bacteroidetes and Planctomycetes (Bižić‐Ionescu et al., 2015; Salazar et al., 

2016). However, spatial and temporal variations mean there is no consistent pattern. 

Furthermore, diverse bacteria are reported in association with different size classes of MGP 

(Mestre et al., 2017).  

Many studies have focused on larger marine particle sizes like marine snow (> 500 µm) so that 

smaller MGP size classes are relatively understudied. Therefore, the focus of this study is on 

the smaller MGP fractions (0.4- 100 µm).  Fortunately, developments in high throughput next 

generation sequencing (NGS) of 16S rRNA gene, have greatly enhanced understanding of the 

bacterial community structure living in association with both these smaller MGP and larger 

marine snow particles (Sunagawa et al., 2015). 
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Figure 1.3 Bacterial utilisation of MGP employ different ecological behaviours motility, chemotaxis, 

surface attachment and biofilm formation. Populations S (Blue) and L (Red) are competing to reside 

the particle (A). Population L settled and formed a biofilm on the particle, while population S migrated 

hunting another particle (Yawata et al., 2014).  

Bacteria-MGP interactions are very important to carbon cycling and the fate of sinking organic 

matter in the ocean by acting as a vehicle for vertical carbon transport (Azam, 1998; Passow, 

2002b; Arnosti, 2011). Moreover, bacterial activities and the release of extracellular enzymes 

within MGP regulate the rate of marine carbon sequestration (Smith et al., 1992; Smith et al., 

1995; Lechtenfeld et al., 2015). In this thesis, special attention is given to the role of bacterial 

extracellular material and enzymatic activities within the MGP, as these intense interactions 

contribute to the formation and degradation processes. 

A recent study by Mestre et al. (2018) revealed how sinking marine particles promote the 

transport of the microbiome from the ocean top sunlit zone to the deep; the microbiome 

associated with larger ocean surface marine aggregates was found to be similar to the deep 

ocean microbiome. 

1.5 Extracellular materials in the ocean 

Extracellular materials are abundant in the marine environment, being discharged from 

organisms through lysis or apoptosis (Okshevsky and Meyer, 2015). The role of extracellular 

substances in the ocean was reviewed (Decho, 2010; Decho and Gutierrez, 2017and references 

therein ). Here, extracellular DNA (eDNA) and extracellular enzymes (ECE) are discussed in 

the context of their interaction with marine bacteria and MGP. 
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1.5.1 Extracellular DNA (eDNA) 

DNA is an abundant molecule in all environments, and its concentration in the ocean is about 

0.2 to 19 µg l-1 (Deflaun et al., 1987; Paul et al., 1987; Tani and Nasu, 2010). Extracellular 

DNA (eDNA), the DNA that is not enclosed in cells, is the most abundant form of DNA found 

in the oceans in high concentrations, mainly on the surface of deep-sea sediment (the largest 

reservoir on the planet), at a concentration of 0.31g of total DNA m-2 (Dell'Anno and Danovaro, 

2005). The release of eDNA in the marine environment is mostly from dead and live organisms 

through several mechanisms, such as active secretion from living cells, passive release from the 

cells of dead organisms, autolysis, and viral phage-induced lysis, or through association with 

extracellular membrane vesicles (Ibáñez de Aldecoa et al., 2017; Nagler et al., 2018a). Marine 

sediments are a huge reservoir of eDNA that can be a repository of genetic material and a 

diversity recorder (Corinaldesi et al., 2014; Corinaldesi et al., 2018). The high turnover rates 

of eDNA make it a valuable source of carbon, nitrogen, and phosphorus for bacterial 

consumption. In addition, eDNA adsorption onto organic material in sediments has been 

reported to play a role in the phosphorus cycle in the ocean (Dell’Anno et al., 2002). 

The cycling of dissolved DNA in the ocean (Figure 1.4) has been attributed to bacterial 

extracellular enzymatic activities, for example extracellular nuclease utilisation of eDNA as a 

resource for bacterial consumption (Lennon, 2007). Additionally, bacterial utilisation of eDNA 

is important at the physiological, evolutionary, and ecological levels (Vorkapic et al., 2016 and 

references therein). Despite eDNA being an important component in the biofilm matrix and 

having functions that mainly support and strengthen the biofilm matrix structure (Whitchurch 

et al., 2002; Dominiak et al., 2011; Jakubovics et al., 2013), little is known about eDNA in 

ocean MGPs. As MGPs are made up of EPS that are the main component of biofilms, it is 

reasonable to assume that the two are compositionally similar. It can therefore be hypothesised 

that the eDNA in MGPs is a product of the intense bacterial activity. Therefore, as eDNA has 

been widely demonstrated as a key role player in the structure biofilms it is likely to be    

important to the composition of MGP and marine flocs (Alawi et al., 2014; Das et al., 2014; 

Nagler et al., 2018b). 
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Figure 1.4 The processes by which eDNA originates, accumulates, sinks, and is ultimately buried  in 

sediments on the ocean floor (Torti et al., 2015). 

1.5.2 Extracellular enzymes (ECE) 

Extracellular enzymes (ECE) are prevalent in the ocean, either attached to cell surfaces or truly 

free, i.e. dissolved in seawater (Chróst, 1990; Kamer and Rassoulzadegan, 1995; Baltar et al., 

2010; Baltar, 2018). Free-living enzymes importantly contribute to hydrolysis in coastal 

seawater (Allison et al., 2012; Liu and Liu, 2018). The involvement of ECE in interactions 

between microbes and the particles to which they attach results in changes to the particle 

structure (Huston and Deming, 2002) that may also affect biogeochemical processes in the 

surrounding water, which has resulted in increased attention on ECE in relation to microbial 

hotspots on aggregates (D'ambrosio et al., 2014), especially MGP-associated aggregates like 

marine snow (Karner and Herndl, 1992; Smith et al., 1992; Grossart et al., 2007; Arnosti et al., 

2012; Kellogg and Deming, 2014; Balmonte et al., 2016). In addition, extracellular enzymatic 

activity in marine snow is regulated by quorum sensing (QS) (Gram et al., 2002; Jatt et al., 
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2015; Krupke et al., 2016) that is thought to impact the hydrolysis of the sinking aggregates 

(Hmelo et al., 2011).  

In addition to catalysing the process of organic matter degradation and consequently impacting 

carbon fluxes to the deep sea (Azam and Malfatti, 2007), ECE have a role in determining the 

lifetime of DOM in the ocean (Traving et al., 2015). In the euphotic zone, about 80% of POC 

is hydrolysed enzymatically (Kellogg and Deming, 2014). In the initial stages of POM 

degradation, microbial ECE hydrolysis converts high-molecular-weight to low molecular 

weight (<800 Da) organic matter, enabling it to pass through the bacterial cell membrane for 

uptake (Nikaido, 2003). This hydrolysis and the associated nutrient cycling provide food for 

heterotrophic bacteria and other organisms, thus ECE hydrolysis plays a vital role (Arnosti, 

2003; Arnosti, 2011; Balmonte et al., 2016). In addition, aggregate formation is likely to cause 

an alteration in the profile and rate of hydrolysis in enzyme activities (Ziervogel et al., 2010). 

Deoxyribonucleases (DNases) are hydrolytic enzymes targeting the phosphodiester bonds of 

DNA. DNases are produced naturally by bacteria for nutrient metabolism, defence, and genetic 

evolution (Dubnau, 1999; Chen and Dubnau, 2004; Vorkapic et al., 2016; Veening and 

Blokesch, 2017). DNases are generally found in bacterial biofilm dispersion through the 

breakdown of DNA (Whitchurch et al., 2002). These studies demonstrate that nucleases from 

marine bacteria have a promising potential for biofilm removal and NucB is a good example 

(Nijland et al., 2010; Shakir et al., 2012; Shields et al., 2013). However, DNases have not been 

studied within MGP or marine snow to date (Al-Wahaibi et al., 2019). The availability of eDNA 

in the oceans might trigger the production of extracellular DNases, and if so, the presence of 

nucleases secreted by floc-associated bacteria could impact the structural integrity of marine 

particles. 

1.6 Dynamics of MGP in the ocean  

Marine gel particles are inseparable from all interactions with bacteria and other organisms they 

encounter, the processes they are involved in, and the dynamics of aggregation and dissolution 

they go through in the ocean environment. Therefore, the implications of the interaction 

between bacteria and MGP for ocean processes are likely to be substantial. 

1.6.1 MGP in surface microlayer  

Marine gel particles accumulate in the SML, forming a biogenic layer that is implicated in air-

sea gas exchange (Cunliffe et al., 2011; Galgani and Engel, 2013; Engel and Galgani, 2016). 

As aggregation and formation occur in the photic zone, MGP expand in size and tend to adhere 
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to organic detritus and other organisms and materials, forming bigger sinking aggregates. Gel 

particles undergo continuous formation and degradation in the marine environment due to 

several factors: physical, chemical, and biological. However, not all MGP transform to bigger 

aggregates in the ocean, which poses the question, what other factors can inhibit the process of 

MGP formation in the ocean? This question is important because MGP contribute to wider, 

climate-related processes. For example, airborne MGP from aerosols generated in the SML can 

initiate the formation of cloud condensation nuclei (CCN) and ice nucleating particles (INP), 

leading to cloud formation (Orellana et al., 2011; Wilson et al., 2015; DeMott et al., 2016; 

Quinn et al., 2017; Rastelli et al., 2017). Recent findings by Rastelli et al. (2017) showed that 

marine aerosols produced experimentally from North-east Atlantic Ocean surface water 

contained a range of organic components, including proteins, carbohydrates, cell elements, 

microbes and, for the first time, eDNA. Generally, these components reflect those of marine 

sinking aggregates, although to date there is no clear evidence for the presence of eDNA in 

marine aggregates. 

Nonetheless, the well-known fate of MGP in the marine environment is either to attach to 

surfaces to initiate biofilms formation, or to continue aggregating into larger aggregates that 

then sink into the deep ocean (Figure 1.5). 

 

Figure 1.5 The dynamics of MGP in the ocean, showing continuous formation and degradation with an 

impact on the associated bacterial community. 
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1.6.2 The bioflocculation of MGPs 

Flocculation is a natural behaviour of MGPs (Chin et al., 1998; Engel et al., 2004). Marine 

bacteria mediate the flocculation process (Ding et al., 2008, Yamada et al., 2013, Yamada et 

al., 2016), transferring POM to the deep ocean (Fowler and Knauer, 1986; Alldredge and Silver, 

1988). However, the precise mechanisms involved are unclear, although a few studies have 

addressed this. One found that bacterial EPS facilitate aggregation through specific chemical 

signalling (Mori et al., 2017). A study of cultures of the marine photosynthetic bacterium 

Rhodovulum sp., isolated from a shrimp farming facility in Thailand, revealed that its 

flocculation ability was enhanced by the presence of NaCl, RNA, and DNA but hampered by 

the addition of RNase and DNase (Watanabe et al., 1998). In another study nucleic acid 

produced in Rhodovulum sulfidophilum cultures resulted in floc formation and integrity 

maintenance (Suzuki et al., 2009). 

In addition, EPS enhance the flocculation of Rhodovulum sp. in the presence of divalent cations 

like Ca2+ and Mg2+, that assist fisheries’ wastewater treatment (Watanabe et al., 1999). Another 

marine bacterium, Sagittula stellata, has been reported to stimulate DOM aggregation and gel 

particle formation (Ding et al., 2008). A recent study used Pseudoalteromonas spp. to examine 

gel particle coagulation and showed that these marine bacteria enhanced the aggregation of 

chitin model gel particles into larger sizes within 24-96 hours (Yamada et al., 2016).  

Interestingly, another study on marine sinking particles and the phage’s associated with them 

suggested that cell lysis induced by the associated viruses could enhance the aggregation of the 

sinking particles (Guidi et al., 2016), although the precise nature of this process was not 

investigated. This lack of mechanistic information shows the clear limitation of these studies.  

Bacterial attachment of marine snow is thought to be facilitated by chemical signalling of QS 

cell-to-cell communication (Gram et al., 2002; Mori et al., 2017), which is in agreement with 

bacterial behaviour in consortium-like structured biofilms (Bassler, 1999). However, the 

specific mechanism by which this occurs is poorly understood, as is whether the eDNA expelled 

by cells could play a role in MGP aggregation as in biofilms (Whitchurch et al., 2002). In 

addition, the extracellular vesicles (EVs) that are produced by microbes and which contain 

lipids, nucleic acid, extracellular enzymes, and microbial info-chemicals, have been 

emphasised recently as having an impact on the ecological processes of the surrounding 

environment (Schatz and Vardi, 2018). 

Bacterial EPS is attributed in enhancing flocculation in aquatic systems. A recent study 

investigated the role that polyunsaturated aldehydes, produced by phytoplankton and proliferate 

in post-algal bloom, play in the flocculation of TEP. It reported a significant increase in the size 
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of aggregates >200 µm by the end of the bloom period (Bartual et al., 2017). Another study 

reported that sunlight affected the flocculation process, in that EPS transformed to TEP, stable 

flocs were formed by exposure to solar radiation, and with UV, unstable flocs were formed 

(Shammi et al., 2017; Sun et al., 2017a; Sun et al., 2019). 

The flocculation process has been widely used to eliminate solid waste in industrial and 

biotechnological applications such as water pollution management, seawater desalination, 

wastewater treatment, aquaculture systems, microalgae harvesting, and biofuel production as it 

is economical and eco-friendly. These processes require the formation of activated sludge that 

resembles the natural formation of marine snow (Shahadat et al., 2017; Tansel, 2018 and 

references therein). Mainly, flocculation in these industries is initiated by the addition of, for 

example, FeCl3, Mg2+, Na2+ and Ca2+
 (Chin et al., 1998; Kawato et al., 2016; Meng and Liu, 

2016). Therefore, bacterially- induced flocculation may have future applications as an 

environmentally friendly solution for water quality applications in the marine environment.  

Recently, the agglomeration of marine microplastic has been attributed to EPS flocculation 

(Summers et al., 2018). Similarly, polyethylene microplastic was reported to be coated by 

biofilms and to coagulate with marine gel particles and enhance aggregate sinking to the deep 

ocean (Galloway et al., 2017; Michels et al., 2018). Therefore, the natural process of 

flocculation initiated by EPS may stimulate self-cleaning of the aquatic environment (for 

reviews Santschi, 2018). 

1.6.3 MGP in biofilm formation 

Figure 1.5 shows how MGPs are important to biofilm initiation in the ocean. Aggregation forms 

a floating biofilm or ‘Protobiofilm’ (Bar-Zeev et al., 2012) that can, for example, adhere to 

ship’s engines and hulls, to industrial pipelines, and to reverse osmosis membranes in 

desalination plants (Meng et al., 2013; Bar-Zeev et al., 2015; Discart, 2015; Lee et al., 2015; 

Levi et al., 2016; Li et al., 2016). All these studies reported that MGPs are causing biofilms in 

desalination plants. Therefore, by understanding the role of MGP in the formation of biofilm 

development, it may be possible to reduce the problem of MGPs causing biofilm on marine 

structures. 
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Figure 1.6 Schematic illustration of the process by which transparent exopolymeric particles (TEP) 

attached to bacteria develop a biofilm once attached to surfaces (Bar-Zeev et al., 2012). 

1.6.4 MGP in ocean biogeochemical cycles: carbon cycling, sequestration and 

sedimentation 

The oceans absorb around 25% of atmospheric CO2, by which help in reducing carbon effect 

on global climate change. The deep ocean sequestration of carbon and its ultimate burial in deep 

sea sediments occurs by three vertical carbon pumps: the solubility pump; the carbonate pump; 

and the biological pump (BCP) (Legendre et al., 2015). In the BCP marine autotrophs transform 

CO2 into organic carbon via photosynthesis and the resulting particulate organic carbon (POC) 

is exported vertically to the deep sea (Figure 1.7). Initially the BCP was thought to be the only 

driver of this downward carbon flux (Boyd and Trull, 2007). However, the microbial carbon 

pump (MCP), proposed by Jiao et al. (2010), also plays a crucial role that also contributes to 

the large ocean reservoir of DOM (Hedges, 2002; Jiao et al., 2014).  This has put into context 

the key role of microbes in transforming carbon in the ocean and in its long-term storage (Azam, 

1998; Jiao et al., 2010; Jiao and Azam, 2011), particularly the role of the MCP as a major 
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contributor to the global carbon cycle. Based on the ability of DOM to resist remineralisation, 

DOM is classified as labile, semi-labile, semi-refractory, or refractory (Hansell et al., 2012). 

Labile DOC has a <100 years lifetime and refractory (or recalcitrant) DOC has >100 years 

lifetime (Jiao et al., 2010; Jiao and Azam, 2011; Jiao et al., 2011; Jiao and Zheng, 2011; Jiao 

et al., 2014; Robinson et al., 2018). However, little is known about the mechanisms by which 

bacteria contribute to the formation and long-term storage of these carbon fractions in the deep 

oceans (Robinson et al., 2018; Wang, 2018). However, during the export process, the 

heterotrophic bacteria associated with MGP utilise the carbon and convert it to organic carbon 

form via photosynthesis, thus, making it available for the associated microbial communities and 

other organisms, enabling it to enter the food web. 

 

Figure 1.7 Carbon sequestration by the biological carbon pump in the ocean (Stone, 2010). 

Marine gel particles function as a carbon carrier between the surface and the bottom of the 

ocean and they play a vital role in the carbon cycle in the ocean through the vertical transport 

of sediments to the ocean floor (Passow, 2002c; Christina and Passow, 2007; Xavier et al., 

2016). Regarding sinking particles, their eventual fate, notwithstanding remineralisation, is 

sedimentation in the deep ocean. Where marine sinking aggregates and marine snow are 

mediating the export of the carbon flux to the ocean floor (Fowler and Knauer, 1986; Shanks, 

2002). These vehicles are a form of DOM that is produced in the euphotic zone of the ocean 

and POM. The carbon cycling and sequestration by MGP-associated communities play an 

important role in carbon cycling and particle dynamics (Azam, 1998). Hence, it is important to 
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understand the fate of the carbon in the ocean and what is the role that bacterial interaction with 

MGPs play in the mechanisms involved in the aggregation and dissolution of the sinking 

particles in the ocean.  

 

1.7 Features of the sampling location  

The sampling area of this study is the North Sea offshore the North East coast of England. The 

North Sea is a large semi enclosed shallow sea of the European continental shelf with depth 

less than 100 m (Paramor et al., 2009). The Atlantic Ocean is the main water influx into the 

North Sea through the English Channel and northern North Sea. The North Sea is high in 

nutrients mainly nitrates and phosphates, where higher concentrations are found in the coastal 

waters due to the effluents of the rivers. The surface water temperature generally ranges 

between 0-20oC with seasonal variation and average salinity is 32-34.5 ppt of coastal areas 

(Walday et al., 2002).   

  

1.8 Biology and ecology of Pseudoalteromonas atlantica 

P. atlantica is gram-negative marine motile bacteria that belongs to Gammaproteobacteria. It 

is found in water column and living in association to seaweed and crabs (Copeland et al. 2006; 

Costa-Ramos and Rowley, 2004). P. atlantica produces acidic polysaccharides, EPS and forms 

biofilms (Perepelov et al. 2005) and various extracellular compounds including proteolytic 

enzymes (Hoffman and Decho, 2000) and extracellular alginate lyase (Matsushima et al. 2010).  

1.9 Importance of this study 

MGPs are clearly integral to the formation of sinking aggregates and marine snow and the 

interaction of MGP with bacteria involves the production of extracellular enzymes. To 

understand this in more detail requires an understanding of bacterial community composition 

and functional capabilities. Therefore, the aim of this work is to generate new insight into MGP 

composition in terms of its association with eDNA, in particular the presence of marine 

bacterial extracellular DNases in MGPs. 

Therefore, this thesis addresses the following questions: 

1. Does eDNA present in the MGP matrix? 
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2. What is the structure and the potential function of the bacterial community associated 

with MGP (in the North Sea), in the size fraction 0.2-100 µm size range of initial 

microbial attachment that has not been well studied? 

3. Is the production of DNase enzyme common among marine bacteria and MGP-

associated bacteria in particular? 

Considering that MGP-associated bacterial communities can affect MGP aggregate integrity 

through growth, nutrition, and interactions involving the expulsion of intracellular material to 

the surrounding MGP microenvironment, leading to MGP aggregation and/or disintegration. 

Therefore, the key hypothesis of this study is that eDNA is a component of MGPs, and DNase 

secretion probably common within MGP-associated bacterial communities. 

1.10 Aim and objectives 

The overarching aim of this study is to characterise the MGPs structural composition and the 

bacterial communities associated with them. 

The objectives of this study are as follows: 

1. Develop appropriate methods for isolating MGP from seawater to allow their further 

characterisation. 

2. Investigate the presence of extracellular DNA in the MGP. 

3. Set up a bacterial gel particle as a floc model of MGP, from a single bacterium of 

Pseudoalteromonas atlantica. 

4. Study the structure and function of the microbial community associated with MGP by 

total DNA extraction and 16S rRNA metabarcoding for community analyssis. 

5. Investigate the production of nuclease in bacteria isolated from the marine environment 

free living (FL) and particle attached (PA) of MGP. 

6. Examine how DNase affects MGP bacterial particle degradation. 

1.11 Thesis outline 

To accomplish the aim and objectives, this thesis is structured as followings. Chapter 1 has 

reviewed current knowledge on the origins of MGP and the factors that affect MGP dynamics 

in the ocean in its relation with bacterial interactions. Chapter 2 highlights the compositional 

components of MGP using a method of MGP isolation based on the resuspension of MGP 

isolated from small liquid sample volumes collected on polycarbonate filters. It also 

investigates the presence of eDNA in natural MGP and by marine bacterial EPS of the 
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Pseudoalteromonas atlantica MGP bacterial floc model. Chapter 3 explores the composition 

and function of the bacterial community associated with MGP focusing on nucleases. Chapter 

4 studies the diversity of free living (FL) and particle attached (PA) marine bacteria producing 

deoxyribonucleaese, using culture-dependent methods. Finally, Chapter 5 provides a general 

discussion and conclusions on the overall results from this work and discusses future directions 

and recommended work. 
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 Isolation and staining reveals the presence of extracellular DNA 

in marine gel particles  

 Abstract 

Methods for examining the biochemical composition of marine gel particles (MGPs) have been 

limited to the detection of acidic polysaccharides and proteins, in transparent exopolymeric 

particles (TEP) or Coomassie stainable particles (CSP). The dynamic ecological interactions 

between microorganisms in the oceans within the micro-niche of MGPs can results in the 

secretion of extracellular polymeric substances (EPS) which can influence the structure and 

stability of these particles. Although extracellular DNA (eDNA) is well known as a component 

of bacterial EPS and biofilm it has not been previously recognised in MGPs. Here, it is 

hypothesised that eDNA is present in MGPs due to the presence of bacteria in these 

protobiofilm like particles. Therefore, the aim of this chapter was to isolate MGPs and use 

Pseudoalteromonas atlantica EPS as MGP model, to investigate the presence of eDNA in MGP 

milieu. MGPs were isolated from North Sea surface seawater using polycarbonate (PC) filters 

and gentle vacuum filtration. The gel particles that were retained after filtration through these 

PC filters ranged in size from 0.4 to 100 µm in size. A new method for MGP isolation in liquid 

suspension was developed here for the first time as previous studies of MGPs have all studied 

the particles on filters. Isolating MGPs in suspension enabled them to be studied as they occur 

naturally in the environment. To investigate the occurrence of eDNA in MGPs, fluorescent 

microscopy was employed using two different eDNA dyes: YOYO-1 with Nile Red (targeting 

cell membranes) as a counterstain and TOTO-3, which was also stained with ConA for 

localising glycoproteins and SYTO-9 for live/dead bacterial nucleic acid. Stained MGPs were 

visualised using confocal laser scanning microscopy (CLSM). Staining indicated the presence 

of proteins and polysaccharides. eDNA was localised throughout the natural MGPs and also in 

artificial flocs of P. atlantica. Collectively, these results provide the first evidence which 

supports the widespread presence of eDNA throughout MGPs. This has significant implications 

for our understanding of the dynamics and fate of the MGPs in the ocean. 
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 Introduction  

MGPs are organic materials that are released by bacteria and diatoms in the ocean; they are 

mainly made up from EPS that assembles naturally (Chin et al., 1998; Verdugo et al., 2004; 

Verdugo and Santschi, 2010). These gel materials are sticky and they have been studied only 

on filters (Alldredge et al., 1993). Moreover, their adhesiveness enables MGPs to form 

suspended clumps (flocs) or biofilms when attached to surfaces. Many studies evidence the 

involvement of MGPs in biofilm formation in the marine environment, mainly on reverse 

osmosis (RO) membranes of desalination plants (Bar-Zeev et al., 2009; Lee et al., 2015; Li et 

al., 2015). It is clear that the structures and behaviour of MGPs and biofilms are similar and 

MGPs have also been referred to as protobiofilms (Bar-Zeev et al., 2012). This suggests that 

they may share the same structural constituents. The biochemical composition of attached 

biofilms is well studied, while conversely the composition of MGPs is understudied. Hence, it 

is important to fully understand the structure and biochemical composition of MGPs and the 

way they occur naturally in seawater in liquid suspension, rather than on filters (Alldredge et 

al., 1993; Villacorte et al., 2015). This can make the study of natural MGPs quite challenging 

and it requires a proper isolation technique. Prior studies have all investigated MGPs based on 

filters or fixed to microscope slides, that has hindered comprehensive vision into the particles 

natural existence as three-dimensional structure (Hewes and Holm-Hansen, 1983; Engel, 2009). 

A recent study has employed in-situ FlowCAM for online quantification of TEP that can give 

a real time results (Thuy et al., 2017). However, this method is not-feasible for all studies in 

particular those that require transfer to laboratories and depend on analysis by other instruments. 

Therefore, the main driver for the development of a new isolation technique in this study was 

to separate MGPs from natural seawater to get access to intact particles in three dimensions for 

consequent characterisation.  

The biochemical composition of MGPs has been based on their binding to Alcian blue and 

Coomassie brilliant blue dyes, subsequently designated two classes of particles: acidic 

polysaccharides (TEP) and proteinaceous particles (CSP). These categories are an over 

simplification and their continued use limits current understanding of MGPs. Moreover, MGPs 

are a rich source of nutrients that are a niche for bacterial attachment and colonisation that also 

involves the formation of biofilm-like communities on these particles (Yawata et al., 2014; 

Pelve et al., 2017). To this end, the excretion of bacterial EPS co-occurs with eDNA flux that 

is released during the bacterial life cycle via active or passive cell lysis or the active transport 

of DNA (Vlassov et al., 2007; Suzuki et al., 2009; Ibáñez de Aldecoa et al., 2017). 
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Consequently, the released eDNA may possibly play a role in MGPs’ structure and integrity, 

as in biofilms (Whitchurch et al., 2002; Okshevsky and Meyer, 2015). Furthermore, as eDNA 

is recognised as a glue for bacterial adhesion in biofilms, it is reasonable to hypothesise that if 

present, it may have the same function in the MGP matrix (Das et al., 2010). However, the 

occurrence and function of eDNA in MGPs have not yet been studied. Despite few studies on 

the composition of marine snow aggregates that has reported cell enclosed DNA in the 

microbial colonisers of the particles (Holloway and Cowen, 1997a; Flintrop et al., 2018). 

However, the composition of MGPs with regard to eDNA has not been characterised 

previously. Moreover, the smaller size MGPs are the building blocks of marine snow and 

sinking aggregates. Nonetheless, the precise characterisation of eDNA in the composition of 

MGPs is scant, although it is vital to comprehend the aggregation behaviour and the bacterial 

colonisation of these particles. 

The identification of the original source of the MGPs in the ocean is challenging due to the 

various possible producers, including diatoms, bacteria and other organisms (Stoderegger and 

Herndl, 1999; Passow, 2002a; Ortega-Retuerta et al., 2010; Deng et al., 2016; Iuculano et al., 

2017). Added to that, the rapid development, adherence and dispersal behaviour of these 

particles make the composition of the MGP pool undistinguishable. Therefore, to overcome the 

constraints of the heterogeneity and structural complexity of natural MGPs, the production of 

gel particles by a single bacterial species as a model for MGPs was developed here. Given that 

MGPs are produced by many marine bacteria, Pseudoalteromonas atlantica is a well-studied 

marine bacterium which known for high EPS production, initiate biofilms and contributes to 

MGP aggregation (Li et al., 2016; Roca et al., 2016; Yamada et al., 2016). This single species 

P. atlantica MGP model system would allow more careful experimentation and understanding 

of the nature and composition of bacterially derived artificial MGPs which could give deeper 

insights into our understanding of natural MGPs. 

Studies of the presence of eDNA in biofilms often employ fluorescent staining and microscopy, 

mainly with Confocal Laser Scanning Microscopy (CLSM) (Okshevsky and Meyer, 2014; 

Yuan et al., 2015; Reichhardt and Parsek, 2019). CLSM with fluorescent dye labelling is an 

efficient microscopy technique used to gain information on the composition of hydrated 

matrices like EPS and marine snow (Cowen and Holloway, 1996; Holloway and Cowen, 1997a; 

Zhang et al., 2015; Schlafer and Meyer, 2017). Sensitive labelling and bioimaging techniques 

are becoming more widely used in the imaging of organic matter and marine snow (Holloway 

and Cowen, 1997a; Flintrop et al., 2018). To allow insights into eDNA in the microscale 

environments of MGPs and a more precise understanding of the composition of MGPs. 
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Fluorescent intracellular DNA (iDNA) dye are used in this study for the visualisation of marine 

bacteria associated with particles, as this dye can penetrate cell membranes and bind to DNA 

allowing differentiation between iDNA and eDNA (Qin et al., 2007; Samo et al., 2008; Hu et 

al., 2012; Gallo et al., 2015). However, previous reports have not looked at the occurrence of 

eDNA in the MGP matrix. It is hypothesised here that eDNA is expelled into the MGP matrices 

as a result of bacterial interactions with and within the MGPs like; cell lysis due to growth, 

reproduction and death, defence and grazing on the matrix components. Therefore, the aim of 

this chapter was to investigate the presence of eDNA in natural and artificial MGPs. 

2.2.1 Aim and objectives  

The aim of this study was to isolate marine gel particles from seawater and to investigate the 

presence of eDNA in the MGP composition.  

Objectives 

1. To isolate MGPs on filters and to concentrate the particles by recovering them in a small 

volume of filtered sterile seawater.  

2. To stain MGPs with Alcian blue and Coomassie brilliant blue for a conventional EPS 

composition test.   

3. To investigate the presence of eDNA in natural MGPs by a combination of fluorescent 

staining techniques, visualised using bioimaging CLSM. 

4. To investigate the presence of eDNA in artificial MGPs composed of flocs of 

Pseudoalteromonas atlantica. 
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 Materials and methods 

2.3.1 Seawater collection  

Seawater samples from the North Sea were collected on board the Princess Royal research 

vessel from approximately one mile offshore from the Northumberland coast (55o06.972 N, 

1o25.600 W) on 23/03/2015, 23/02/2016, 18/07/2016, 31/10/2016, 13/02/2017 and 25/03/2018. 

Surface seawater was transferred to the laboratory in Nalgene bottles of 5 and 10 L volume and 

stored at 4oC in a cold room.  

2.3.2 Isolation of MGPs from seawater by filtration  

The seawater was pre-filtered through a 100 µm mesh sieve to remove larger particles and other 

organisms. Then the 100 µm filtered seawater was vacuum filtered onto pore size 0.4 µm 

polycarbonate (PC) filters (Whatman, GE, USA) with gentle vacuum filtration carried out using 

a glass vacuum filtration device (47/50 mm, Sartorius, UK, https://www.sartorius.co.uk/), 

which was used to collect the filtered particles. For MGP collection the vacuum filtration was 

set up with a vacuum pump (Sartorius) with a pressure controller set to minimum < 150 mmHg 

(Engel, 2009). PC membrane filters (GE Healthcare Whatman™, UK, 

https://www.fishersci.co.uk) were chosen because of their smooth surface, which enables easy 

particle removal. PC filters with different pore sizes were used throughout this work for 

different independent experiments, as will be mentioned later in each chapter. However, here 

the smaller size of 0.4 µm was used as particulate gel particles ranged between 0.4 and 100 µm 

in diameter (Passow and Alldredge, 1995). To avoid clogging of the filters, each PC filter was 

replaced with a new one for every 1L of seawater filtered.  

2.3.3 Isolation of concentrated MGPs in suspension   

In order to concentrate the particles collected, after each filtration process as described in 

section 2.2 the PC filters were suspended in 50 ml falcon tubes containing 5 ml of 0.2 m 

filtered, sterilised autoclaved seawater (Millipore Syringe Filters, Cole-Parmer). The particles 

on the PC filters were pooled in the liquid medium with gentle shaking to allow the particles to 

be released from the filters. The particles in liquid suspension is mimicking the natural 

https://www.sartorius.co.uk/
https://www.fishersci.co.uk/
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occurrence in the aquatic environment. Particles were stored at 4oC until required for further 

experiments.   

2.3.4 Bacterial strains and growth conditions 

Single species of bacteria were used to set up model systems for the study of artificial MGPs. 

Three marine bacterial strains, Pseudoalteromonas atlantica (DSM-No. 6840), 

Pseudoalteromonas citrea (DSM-No. 8771) and Idiomarina homiensis (DSM-No. 17923), 

were obtained from DSMZ- German Collection of Microorganisms and Cell Cultures (DSMZ) 

(https://www.dsmz.de/). They were used for the production of exopolymers to be used as an 

artificial MGP model. These bacteria were chosen based on their ability to produce gel 

polymers, as reported in previous studies (Li et al., 2016; Roca et al., 2016; Yamada et al., 

2016). These strains were first cultivated in marine broth (Difco 2216, Becton Dickinson, UK) 

according to the DSMZ instructions and they were preserved in 50% glycerol stock at -80oC. 

Each bacterial isolate was then grown on marine agar plates (Difco marine agar 2216, Becton 

Dickinson, UK) and incubated at 20oC for P. atlantica, 26oC for P. citrea and 28oC for I. 

homiensis. P. atlantica showed best polymer production and was therefore selected here as the 

most suitable species for further study.  

2.3.5 Production of gel particles by marine Pseudoalteromonas atlantica cultures 

In sterile Erlenmeyer flasks of 50 ml volume, a single colony of P. atlantica was inoculated 

into 20 ml of 0.2 µm filtered artificial seawater (ASW; 33 g/L, Sea salts: Sigma-Aldrich, UK) 

at a salinity 33-34‰ to mimic natural seawater salinity. Then the bacterial inoculum was 

incubated with agitation at 150 rpm using an orbital shaker at room temperature.    

2.3.6 Compositional analysis of MGPs produced by P. atlantica  

To investigate the composition of the artificial MGPs, multiple staining techniques were used.  

The filtered particles were stained for acidic polysaccharides following Alldredge et al. (1993) 

with a modification in the washing procedure. Particles were stained on filters with 0.2 µm-

filtered 0.02% Alcian blue (Sigma-Aldrich) dissolved in 0.06% (v/v) acetic acid (pH 2.5) for 1 

minute and washed with MilliQ water three times to eliminate excess dye, followed by gentle 

vacuum filtration as described previously in section 2.3.2. Coomassie brilliant blue G (CBBG, 

Sigma-Aldrich), was used (Long and Azam, 1996), with modification in the washing step. The 

https://www.dsmz.de/
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particles were washed with MilliQ water three times to eliminate excess dye, followed by gentle 

vacuum filtration as described previously.  

2.3.7 MGP staining with eDNA probes  

Two staining techniques were used to probe eDNA presence in natural MGPs and P. atlantica 

EPS particles in the same manner. Initially, a combination of fluorescent stains, YOYO-1 (Life 

Technologies) and Nile red (Sigma-Aldrich), was used, as previously described by Rostami et 

al. (2016) with modification as it is applied here for particles. YOYO-1 is an ultrasensitive cell-

impermeant dye and it is a high affinity nucleic acid stain targeting eDNA. Nile red is a 

lipophilic stain for intracellular lipid used widely as a membrane dye. It was applied as a counter 

stain to differentiate between the bacterial cell membranes and the eDNA found in the MGPs. 

In 2 ml sterile tubes, 500 µl of the suspended particles were stained with YOYO-1 (Rostami et 

al., 2016) at a concentration of 2.4 nM for 10 minutes at 20°C covered in foil to avoid light. 

Nile red was then added at a concentration of 1 µg/mL for 15 minutes, covered with foil and 

stored in dark prior to microscopy. 

Another set of tri-stain combining Concanavalin A (Con A, Tetramethylrhodamine Conjugate 

A, C860, Life Technologies) a lectin stain used to characterise glycoproteins and carbohydrates, 

TOTO-3 (T3604, Life Technologies) a cell-impermeant DNA stain used for eDNA probing and 

SYTO-9 (Life Technologies) a cell permeant DNA stain for nucleic acid of live and dead 

bacterial cells. TOTO-3 and SYTO 9 are commonly applied together to distinguish between 

intracellular and extracellular DNA (Pakkulnan et al., 2019). Furthermore, the selection of dyes 

combination in both of the sets used have considered the elimination of the overlap between 

excitation and emission wavelengths to ensure clear contrast of the fluorophore.          

In 2000 µl sterile tubes, 500 µl of the suspended particles were stained with 10 µM Con A 

(stock concentrations 1 mM), 2 µM TOTO-3 (stock concentrations 1 mM) and 20 µM SYTO 9 

(stock concentrations 5 mM). Stains were added to 500 µl of the filtered MGPs or P. atlantica 

particles in the same manner. A control of unstained particles was used from the same filtered 

particles or culture. The labelled samples were incubated in the dark for 15 minutes at room 

temperature prior to bioimaging.         

MGP visualisation by microscopy   

Samples were placed in a pre-sterile µ-Slide with 8 wells and a glass bottom (Ibidi, 

https://ibidi.com/). A volume of 250-300 µl of each sample was placed in each well. This 

https://ibidi.com/
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volume was chosen to minimise the sample thickness inside the wells and to unify the focal 

plane. A Leica TCS SP2 fluorescent microscope (Leica Microsystems CMS GmbH, Germany, 

www.leica-microsystems.com) was used for the initial observations of MGPs. The observations 

of the natural MGPs were made using inverted microscopy and the MGP particle samples were 

visualised at different magnifications. Direct observation was done under microscopy. Images 

were captured at different time intervals and durations. The fluorescent dye SYTO 9 was used 

to visualise the microorganisms attached to the particles.   

Bioimaging  

A CLSM at the bioimaging unit, Newcastle University, was used for the bioimaging of the 

MGPs. Images were acquired with a Leica SP8 (www.leica-microsystems.com), which is a 

high-resolution fluorescent inverted microscope with water immersion. The lens used was 

model HCPL APO CS2, objective 63x/1.20 numerical aperture (NA). The CLSM was used to 

visualise the MGPs (Ploeger et al., 2008) as it emits an intense light and is able to make thin 

optical slices for three-dimensional reconstruction, which was needed to visualise the relatively 

large three-dimensional particles. The fluorophore was stimulated by a white light laser (WLL), 

where each fluorophore was excited and emitted (acquired) at certain suitable wavelengths as 

described in Table 2.1. The aggregate matrix staining was evaluated based on the binding and 

visibility of the stains. 

Table 2.1 List of fluorophores and the excitation and acquisition wavelengths of visualisation 

 

2.3.8 Quantification of the fluorescent dyes intensity  

The fluorophores in the CLSM-acquired images were quantified by LAS X software (Leica 

microsystems), where the mean values of the fluorescent intensity were measured by 

quantifying the area of the particle. The mean intensity values of each channel (fluorophore 

http://www.leica-microsystems.com/
http://www.leica-microsystems.com/
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acquisition) were compared to the control, i.e. the unstained particles. The averages of five 

particle replicates were measured and the experiments were repeated three times. The average 

mean values of the fluorescence intensity of 15 particles were quantified per stain, repeated in 

three experiments (mean ± SD; p<0.05) and compared between stained and unstained particles 

using unpaired t-test.    
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 Results 

2.4.1 Filtered MGP observations 

The implemented technique for filtering and re-suspending MGPs from the PC filters in a 5 ml 

volume of 0.2 µm filter sterile ASW enabled a new method to be developed to obtain 

concentrated MGPs in liquid suspension, rather than the more widespread method used in 

classical studies where MGPs are attached to filters (Alldredge et al., 1993; Engel, 2009; 

Villacorte et al., 2015). A range of MGP sizes from 0.4 to 100 µm was obtained from the PC 

filter suspension. MGPs were visualised at different magnifications, as presented in Figure 2.1 

(A-D). The concentrated particles obtained in the test tubes appeared by microscopy 

visualisation in various heterogeneous sizes and shapes, namely; porous, sheet-like, and 

filaments-like. The particles (unstained) appeared under the microscope in a bright field with 

different gradients of grey to dark black as it seems that they contained different materials like 

faecal pellets and organism residues. The particle in Figure 2.1 A was observed to be emitting 

some auto-fluorescence that can be due to natural pigments within the particles that could 

absorb and emit microscope light.  
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Figure 2.1 Marine gel particles recovered from PC filters after re-suspension in 0.2 µm filter sterilised 

seawater. Scale bar = 20 µm, image captured at 63x objective and visualisation with phase contrast (A). 

Scale bar = 50 µm (B, C and D), image captured at 40x objective for B and 20x objective for C and D.   

Visulisation of EPS in the MGP matrix  

Alcian blue stained EPS in the MGP matrix effectively on the PC filters as shown in Figure 2.2 

(A and B). The MGP appeared to bind more to Alcian blue than to Coomassie brilliant blue 

(Figure 2.2 C and D).  

 



  

29  

 

 

Figure 2.2 MGP from off the Northumberland coast (the North Sea), visualised using bright-field 

microscopy with fibre light. The MGPs were stained with Alcian blue dye (A and B; yellow arrows) 

and with Coomassie Blue (C and D; yellow arrows). Scale bar = 40 µm. Images captured using upright 

Leica microscope and fibre light with 10x objective.   

The visualisation of purified MGPs in a bright field is presented in Figure 2.3 A. The MGPs 

visualised have different particle sizes range from 0.8 µm to 200 µm. Staining MGPs with 

SYTO 9 (green), a live/dead bacterial DNA stain, has shown that the MGP particles contain 

microorganisms, as revealed by the bright green DNA stain (Figure 2.3 B). Large aggregates 

are intensively colonised by microorganisms. Bacteria are associated with particles and some 

appeared in single bacterial cells suspended in the sample. 

https://www.geomar.de/fileadmin/content/service/presse/photos/organismen/Bild_03_Jan_Michels.jpg
https://www.geomar.de/fileadmin/content/service/presse/photos/organismen/Bild_03_Jan_Michels.jpg
https://www.geomar.de/fileadmin/content/service/presse/photos/organismen/Bild_03_Jan_Michels.jpg
https://www.geomar.de/fileadmin/content/service/presse/photos/organismen/Bild_03_Jan_Michels.jpg


  

30  

 

 

Figure 2.3 Natural MGPs of different sizes from the North Sea. Bright field microscopy images of MGPs 

(A) Nucleic acid SYTO 9 green stain of MGP revealing bacterial presence. Fluorescent staining with 

DNA dye SYTO 9 (1 nM) (B). Scale bar = 100 µm. Image capture usingt 20x objective. 

2.4.2 Visualisation of eDNA in natural MGP matrix  

Confocal laser scanning microscopy (CLSM) images clearly demonstrated the localisation and 

presence of eDNA in the matrices of natural MGPs collected from the North Sea. This has been 

confirmed via two sets of fluorescence staining that were applied separately to investigate the 

occurrence of eDNA in MGPs (Figure 2.4 A). Moreover, quantification of the average mean 
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value of the fluorophore intensity using Leica software, as depicted in Figure 2.4 B of YOYO-

1 (green; that represent eDNA occurrence) mean value 7.28 (SD ± 4.33) vs. unstained mean 

value 0.91 (SD ± 0.76), p = 0.06 revealed no significant differences (> 0.05) between the stained 

and unstained MGPs. With Nile Red mean value 5.75 (SD ± 1.33) vs unstained 1.29 (SD ± 

1.57), p = 0.03 < 0.05 showing a significant difference between the stained and unstained 

MGPs.   
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Figure 2.4 CLSM images acquired by Leica SP8 of natural MGPs stained with YOYO-1 to localise the 

presence of eDNA (green). Nile Red (red) was used as a counter stain for bacterial cell membranes. 

Scale bar = 5 µm (A). Image captured using 63x objective. Quantification of the fluorescence intensity 

of each fluorophore against the control (unstained MGPs) (B). The graph presents the mean ± SD of 15 

CLSM micrographs. Error bars represent the standard deviation of the data set (n = 3), p<0.05. Nile Red 

intensity showed significant difference between stained and control.  
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The 3D image of the natural MGP showed a wide distribution of eDNA (YOYO-1) as presented 

in Figure 2.5. The YOYO-1 stain (green) appeared at different levels of brightness showing the 

spread of eDNA across the particle areas. On the other hand, the cell membrane stained with 

Nile Red (red) bound only to limited regions of the particle, representing cell membrane that 

appeared to occupy larger patches.  

 

Figure 2.5 A 3D deconvolution image of a single natural MGP stained with YOYO-1 (green = 

intracellular DNA) and Nile red (red = eDNA). Scale bar = 5 µm. Image captured using Leica SP8 

CLSM.   

Visualisation and quantification of MGP matrix components using CLSM showed that TOTO-

3 (red) has the highest fluorescence intensity of the triple staining set (Figure 2.6A). The TOTO-

3 eDNA stain showed the highest occurrence mean value 4.14 (SD ± 1.30) vs unstained mean 

value 0.94 (SD ± 0.04), displaying a significantly different p = 0.013. Con A mean value 3.52 

(SD ± 1.31) vs unstained mean value 0.90 (SD ± 0.51) p = 0.032. Intracellular DNA stained by 

SYTO 9 2.24 (SD ± 0.85) vs unstained mean value 0.02 (SD ± 0.01) p= 0.011 (Figure 2.6B). 

The mean fluorescence intensity of all three stains demonstrated significant differences (p < 

0.05) in comparison to the unstained mean values.  
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Figure 2.6 CLSM images acquired by Leica SP8 of natural MGPs stained with TOTO-3 (red) to localise 

the presence of eDNA, SYTO 9 (green) for intracellular DNA and with ConA (blue) for glycoproteins. 

Scale bar = 5 µm (A). Image captured using 63x objective. Quantification of the fluorescence intensity 

of each fluorophore against the control (unstained MGP) revealed high mean value of TOTO-3 

indicating the presence of eDNA (B). The control is unstained particles. The graphs present the mean ± 

SD of 15 CLSM micrographs. Error bars represent the standard deviation of the data set (n = 3), p<0.05.   

The 3D deconvolution image of a single MGP particle stained with ConA, SYTO-9 and TOTO-

3 is shown in Figure 2.7, displaying the distribution of the glycoproteins (blue), iDNA (green) 

and eDNA (red) respectively. The coverage of glycoproteins was less than that of iDNA and 
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eDNA. The eDNA is spreading out into the larger area of the particle, exceeding the iDNA 

distribution.      

 

Figure 2.7 3D deconvolution image of a single natural MGP stained with ConA (blue), TOTO-3 (red) 

stained eDNA and SYTO 9 (green) stained iDNA. Scale bar = 10 µm. 

2.4.3 Pseudoalteromonas atlantica EPS  

P. atlantica (281x104 CFU/ml) showed EPS formation in ASW medium. The EPS particles 

were clearly observable after 96 hours of incubation as demonstrated in Figure 2.8 A, showing 

aggregation and growing into larger clumps over time (Figure 2.8 B). In the single particle 

image in a dark field (Figure 2.8C), it looks like the particles have a clear matrix because of the 

single culture EPS.   
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Figure 2.8 Pseudoalteromonas atlantica biopolymers as MGP representative grown in artificial 

seawater after 96 hours (A) and after 168 hours (B). Inverted microscope image captured at 20x of P. 

atlantica particles. Scale bar = 330 µm. 

2.4.4 Visualisation of EPS in the P. atlantica matrix 

Staining the P. atlantica EPS matrix on the PC filters with Alcian blue displayed particles of 

different sizes bound successfully to the dye, as shown in Figure 2.9 (A&B). Coomassie 

brilliant blue staining showed visible particles, as presented in Figure 2.9 (C&D). However, the 

Alcian stained particles here have a distinct shape compared to CSP.    
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Figure 2.9 P. atlantica EPS stained with Alcian blue dye (A and B) and Coomassie Blue (C and 

D) as indicated by yellow arrows. Images captured using upright Leica microscope with fibre 

light at 10x objective. Scale bar = 50 µm.    

2.4.5 Visualisation of eDNA staining in Pseudoalteromonas atlantica EPS (MGP 

model) 

To assess YOYO-1 staining for the detection of eDNA (Figure 2.10 A), quantification of the 

average mean fluorophore intensity of YOYO-1 6.99 (SD ± 4.94) vs unstained 0.47 (SD ± 

0.08), p = 0.08 > 0.05 showed that there is no significant difference between stained and 

unstained particles. On the other hand, Nile Red 5.69 (SD ± 1.57) vs unstained 1.57 (SD ± 1.62) 

p = 0.03 <0.05 showed a significant difference between stained and unstained particles (Figure 

2.10B). There is a variation between the stained particles. The majority of the YOYO-1 stain 

was obviously external to the cells spreading in the matrix at different regions and it did not 

overlap with Nile Red, as shown in the overlay image. Compared to YOYO-1, Nile Red covered 

different areas of the aggregate matrix and stained slightly distinctive features.  
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Figure 2.10 CLSM images acquired by Leica SP8 at 63x of P. atlantica EPS MGP model stained for 

eDNA with YOYO-1 (green); Nile Red (red) as counter stain for bacterial cell walls to localise the 

presence of eDNA. Scale bar = 5 µm (A). image captured using 63x objective. Quantification of the 

fluorescence intensity of each fluorophore revealed high mean value of YOYO-1 indicating the presence 

of eDNA. The control is unstained particles. The graphs present the mean ± SD of 15 CLSM 

micrographs. Error bars represent the standard deviation of the data set (n = 3), p<0.05.   
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A 3D image of P. atlantica single particle matrix (Figure 2.11) shows that the distribution of 

the stains seems to be spreading into more regions in the stained sample (Figure 2.11A) while 

appearing in smaller spots in the unstained sample (Figure 2.11B).  

 

Figure 2.11 3D images of P. atlantica particles stained with YOYO-1 (green) for eDNA and Nile Red 

(red) (A). Unstained particle of the same culture collected at the same time (B). Scale bar = 5 µm. Image 

captured using 63x objective.  

Visualisation and quantification of P. atlantica particle matrix components using CLSM are 

depicted in Figure 2.12 A, showing that Con A has the highest fluorescent intensity of the triple 

staining set. Con A showed the highest presence in the P. atlantica matrix 18.17 (SD ± 10.65) 

vs unstained 0.25 (SD ± 0.21) significantly different p = 0.043. TOTO-3 for eDNA (red) 4.30 

(SD ± 1.90) vs unstained 0.18 (SD ± 0.15) p = 0.019 significant difference. Intracellular DNA 

stained by SYTO 9 7.29 (SD ± 3.34) vs unstained 0.02 (SD ± 0.01) p = 0.019 as presented in 

Figure 2.12 B.  
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Figure 2.12 CLSM images acquired by Leica SP8 of P. atlantica EPS as MGP model stained for eDNA 

with TOTO-3 (red) and SYTO9 as counterstain (green), and ConA for glycoproteins (blue). Scale bar = 

5 μm. Image captured using 63x objective. Quantification of the fluorescence intensity of each 

fluorophore revealed a high mean value. The control is unstained particles. The graphs present the mean 

± SD of 15 CLSM micrographs. Error bars represent the standard deviation of the data set (n = 3), 

p<0.05. 

Visualisation of P. atlantica particles and eDNA using CLSM in a 3D image (Figure 2.13) 

showed a clear distribution of the fluorophores with dominance of Con A (blue). TOTO-3 

(eDNA, red) appeared scattered in association to the matrix, whereas SYTO 9 (green) appeared 

in bigger spots.   
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Figure 2.13 3D deconvolution image of a single particle of P. atlantica particles stained with ConA 

(blue), TOTO-3 (red) and SYTO 9 (green). Scale bar = 10 µm. Image captured using 63x objective. 
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 Discussion 

This study shows the isolation of MGPs on the filters by re-suspending the particles in a smaller 

volume of artificial seawater. This method allowed the maintenance of the MGPs’ structure to 

be studied as it occurs naturally, suspended in seawater, without the need to fix the particles for 

microscopy visualisation. The approach used here is the first example for MGPs of 0.4-100 µm, 

as previously they have been studied on filters (Alldredge et al., 1993; Passow and Alldredge, 

1994; Villacorte et al., 2015). A similar method has been used to investigate marine snow >500 

µm (Flintrop et al., 2018). However, the current study investigated a smaller size range of 0.4-

100 µm that makes up the marine snow sinking aggregates. In addition, this work aimed to 

understand the initial composition of the natural MGPs prior to any further structural 

complexity arising during growth and/or through sticking to other materials or organisms. Since 

EPS is the basic common material of MGP’s and P. atlantica a model particles of P. atlantica 

EPS were used in this study. Furthermore, this study presents for the first time the presence of 

eDNA in natural MGPs of the North Sea and in the EPS of P. atlantica as a model of MGP. 

The in-vitro staining of both particle types with specific eDNA stains YOYO-1 and TOTO-3 

visualised using CLSM endorsed the occurrence of eDNA here for the first time. With these 

two staining approaches it was possible to differentiate between intracellular and extracellular 

DNA in the MGP matrices. Despite the possibility that impermeant stains might penetrate 

damaged cells attached to the MGPs, the staining was effective for the labelling of eDNA.  

2.5.1 Purification of MGPs in suspension 

Here was developed for the first time a method for MGP particle isolation and concentration in 

a smaller volume of seawater, where the particles were recovered in 5 ml of 0.2 µm filtered 

sterile seawater. This enabled the MGPs to be recovered in the same way as occurs in nature. 

The fragile features of MGPs are problematic throughout filtration and processing, but potential 

damage was minimised by gentle handling. Conversely, this can be reversed as these particles 

are sticky by nature and have the ability to promote spontaneous reassembly. Although this may 

hinder the recovery of the particles from the filters, it was shown here that the particles could 

be retrieved by using PC filters. As PC filters are smooth, they make it easy to capture particles 

and they have negligible adsorption to filtrate molecules, enabling the retrieval of particles and 

re-suspension in artificial seawater in test tubes (Alldredge et al., 1993; Arruda Fatibello et al., 

2004; Discart, 2015; Villacorte et al., 2015). Obviously, the PC filter method is the most used 
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technique and therefore it was selected here for these features. The different methods and tools 

used to sample MGPs have permitted different investigations and enabled a further 

understanding of the ocean’s gel particles. There are no methods in the literature to isolate 

MGPs in liquid suspension.  

2.5.2 EPS staining  

The conventional staining protocols of the MGP (Alldredge et al., 1993; Long and Azam, 1996) 

have shown that MGPs and P. atlantica here can be seen as both TEP and CSP. These two 

colorimetric-based methods are the only known valid protocols for marine gel particles 

identification. MGPs would be a heterogeneous mixture of particles that includes the classical 

type of particles known TEP or CSP (Thornton, 2018). Investigations of the MGPs’ matrix 

composition is challenging due to their heterogeneity and structural complexity. There is a 

suggestion that such environmental heterogeneity is important in microbial ecology, diversity 

and biogeochemistry (Long and Azam, 1996; Long and Azam, 2001; Kiørboe et al., 2002). 

Thus, the assumption that eDNA is a component of MGP composition would be important to 

illustrate the MGPs’ precise composition. 

2.5.3 The presence of eDNA in MGPs and P. atlantica EPS   

The application of CLSM imaging has enabled the exploration of marine and freshwater 

aggregates and sludges (Thill et al., 1998; Neu, 2000; Waite et al., 2000; Böckelmann et al., 

2002). Marine snow > 500 µm has been investigated by fluorescent dyes and CLSM (Holloway 

and Cowen, 1997b; Flintrop et al., 2018). Holloway and Cowen (1997a) characterised the 

compositional structure of marine snow in terms of investigating the presence of 

polysaccharides using concanavalin A, proteins using [5‐(4,6‐dichlorotriazin‐2‐yl] amino) 

fluorescein, and for DNA using propidium iodide. However, the prior studies did not explore 

eDNA. Here it was possible to study smaller gel particles of size range 0.4-100 µm that have 

not been studied yet for eDNA composition. eDNA is a considerable component in EPS 

matrices generally and a key structural component in biofilms specifically (Dominiak et al., 

2011; Okshevsky and Meyer, 2015; Deng et al., 2018).  

The presence of eDNA in marine particles and sinking aggregates like marine snow has not 

been reported previously. Here the application of YOYO-1 and TOTO-3 has validated the 
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occurrence of eDNA in the MGP milieu, although there are variations in the intensity of the 

fluorophore signals. Previously it has been reported that eDNA is labelled in biofilms and 

bacterial aggregates by these two stains (Rostami et al., 2016; Pakkulnan et al., 2019). The 3D 

image illustrated a wider distribution of eDNA than iDNA. Assuming that eDNA accumulates 

through time in the MGP matrices, this suggests the release of eDNA from living bacterial cells 

that inhabit the MGP. The importance of eDNA in MGPs’ architecture has not yet been 

demonstrated in the aggregation of marine gel particles and marine snow.   

Moreover, eDNA has been recognised in biofilms and activated sludge by fluorescent dyes and 

DNase treatment (Whitchurch et al., 2002; Dominiak et al., 2011). Trials in which DNase I and 

MNase were added to the MGP and P. atlantica particle suspension using 18 hours time-lapse 

imaging did not result in particle dispersion or particle size alteration as expected (Appendix 

A). This may be due to the fact that nuclease enzymes are susceptible to high salinity seawater.       

The bacterial MGP model of P. atlantia EPS used in this study revealed similar labelling 

patterns to natural MGPs. Morever, the findings provide proof of the presence of eDNA in the 

natural MGP matrix and the P. atlantica particle model. The fluorescent staining protocols 

successfully stained and localised the eDNA in the MGP matrix and the P. atlantica EPS. 

Regardless of the variation in the signals of the fluorophore in some samples, the mean values 

of the fluorescent intensity were higher in the stained particles than the control (unstained 

particles), which showed mostly weak signals. 

The challenging issue of auto-fluorescence with regard to brightness and visibility, which could 

interfere with the fluorescent stains, was unavoidable (Thiele et al., 2015). In addition, due to 

their buoyant nature these particles tend to travel up the well chamber, causing the particles to 

be untraceable. Therefore, the strategy for choosing particles to be imaged was based on a 

uniform focal plane and avoiding super bright particles as they could result in more variation 

in fluorescent intensity.  

Flintrop et al. (2018) recently demonstrated a new method to characterise the compounds that 

make up marine snow in situ by implementing a soft-embedding and sectioning microbial 

diversity by hybridisation (FISH)-probe labelling. Nevertheless, the current study employed a 

combination of fluorescent stains that had not previously been used together for studying 

marine particles or marine snow.      

This study tested the hypothesis that eDNA is present in the MGP structure. The current staining 

methods, however, do not stain lipid, cationic or uncharged polysaccharide, humic acids, 
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materials that may also be important components of the MGPs. Additionally, some particles 

may be too small to be recognised by optical microscopy.  

 Conclusions  

This study set out to isolate MGPs and to investigate their composition in terms of eDNA. In 

addition, it used a bacterial EPS model used to mimic MGP to understand their composition of 

eDNA. The aims were achieved and the most notable findings to emerge are as follows:   

1. The conventional components of acidic polysaccharides and proteins of MGPs have 

been found in both natural MGPs and the P. atlantica model EPS. This finding endorses 

the heterogeneity of MGPs’ composition. However, these findings uphold the question 

of the ability of these two stains to differentiate between two types of gel particles, or 

they might imply that all gel particles can be stained by the two dyes equally.  

2. This work enabled resolved natural MGPs from the North Sea of size range 0.4-100 µm 

to be visualised as individual aggregates by labelling their eDNA components using 

fluorescent stains for the first time. This is vital for studying the gel particles.  

3. For the first time, YOYO-1 and TOTO-3 have localised the presence of eDNA in the 

matrices of MGPs of the North Sea and the EPS of P. atlantica as MGP model particle. 

This is an important consideration as it will put into context eDNA as a significant 

component of MGPs (that co-occur with bacteria in the matrices) and its role in the 

make-up of marine snow and sediment aggregates. The implication of eDNA in the 

aggregation is a key research issue in the marine gel particles domain that is important 

in answering the bigger questions of marine snow formation into labile and recalcitrant 

forms and eventually carbon sequestration via sedimentation.    
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 Characterisation of bacterial communities associated with 

marine gel particles   

 Abstract  

Marine gel particles (MGPs) are inhabited by diverse bacteria that belong to various taxonomic 

groups and which also show a range of metabolic functions. The interaction of bacteria within 

its community and with MGPs results in the expression of numerous enzymatic activities that 

influence MGP dynamics and consequently impact marine biogeochemical cycles. It is 

important to understand microscale MGP-bacterial interactions as these can determine both the 

structure and functions of the bacterial community and the stability and fate of MGPs in the 

ocean. To aid understanding of bacteria-MGP interactions, this study sought insights into the 

taxonomic composition and potential metabolic functions of MGP-associated bacterial 

communities. Seawater samples were collected from the North Sea in spring and summer 

(2017) and filtered through a 100 µm sieve and a 0.4 µm polycarbonate filter by gentle vacuum 

filtration. MGP size fractions were then separated into five groups: 0.4 µm, 1 µm, 5 µm, 12 µm 

and 100 µm by serial filtrations on polycarbonate filters (PC). Bacterial communities of MGPs 

were characterised by total DNA extraction, where the 16S rRNA gene were sequenced for 

community analysis using high-throughput illumina MiSeq sequencing. In addition, the 

functional predictions of the metabarcoding profiles of these communities were studied for the 

presence of nuclease enzymes using Tax4Fun and identified with Kyoto Encyclopaedia of 

Genes and Genomes (KEGG) analysis. Results showed that bacterial communities associated 

with different MGP size groups during spring and summer are notably different. In addition, 

the bacterial community composition of the MGPs is mainly dominated by Bacteroidetes, 

Firmicutes, Proteobacteria and Cyanobacteria, and that variations between MGPs are size 

related. The prediction of community function profiles showed that the bacterial community 

exhibits diverse metabolic pathways where purine and pyrimidine pathways showed significant 

abundance in summer. In additions, there are 75 diverse nuclease encoding genes present within 

the bacterial community. These observations suggest the potential for DNA turnover in MGPs 

which may affect their dynamics. 
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 Introduction 

A large proportion of the organic carbon in the ocean is exported to the deep sea by sinking 

aggregates that are made up of MGPs. MGPs are a favoured niche for bacterial colonisation, 

which leads to the development of protobiofilms which can have intense metabolic activity. 

Moreover, the repletion and succession of bacterial communities on MGPs could determine the 

particles’ ecological function, impacting aggregation dynamics (Mari et al., 2017), fate and 

sinking rates of the aggregates to the ocean floor, and consequently affecting marine 

biogeochemical cycles, principally marine carbon sequestration (Lechtenfeld et al., 2015; Enke 

et al., 2018). Hence, marine bacterial communities play a pivotal role in the carbon cycle 

through the microbial carbon pump (Worden et al., 2015; Landa et al., 2016). The interactions 

of MGP with bacterial communities are the main driver of enzymatic activities in the microscale 

MGP environment. As MGPs are dense, they harbour bacteria with intense microbial activities 

and these bacterial metabolites could influence the aggregation and degradation process of the 

MGPs (Alldredge et al., 1986; Smith et al., 1992; Ziervogel et al., 2010). Not much is 

understood about the interaction of the bacterial community and the MGPs, and little is known 

about the role of the bacterial community enzymes on the dynamics and stability of MGPs 

(Enke et al., 2018; Enke et al., 2019). 

Understanding the fundamental microbial processes that govern the aggregation and 

disintegration of microbial communities is key to interpreting the ecology of microbial-

aggregate interaction. Therefore, to enhance our understanding of these microscale interactions 

the functional abilities of the bacterial community first need to be mapped. The complexity of 

this quest lies in the complications of plotting the functional capabilities and roles of the 

particle-attached bacterial communities as they contain enormous taxonomic diversity (Cordero 

and Datta, 2016).  

Traditionally, bacterial communities in the ocean are classified based on their lifestyle, being 

referred to as free-living (FL) or particle-attached (PA) bacteria (Rieck et al., 2015; Pelve et al., 

2017) the latter being responsible for the majority of organic matter degradation (Lyons and 

Dobbs, 2012). The occurrence of eDNA in MGPs and P. atlantica flocs was discussed in 

Chapter 2, and these observations suggest that the associated bacterial community has the 

metabolic capacity to utilise eDNA. The presence of eDNA in the MGP micro-niche proposes 

the coexistence of the nuclease enzymes within the bacterial community as a requirement for 

the breakdown and utilisation of the particle components by bacterial communities. Therefore, 
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due to the presence of eDNA in the MGP matrices it is hypothesised that the MGPs-associated 

bacterial communities encode nuclease genes.  

To address the interrogation of eDNA and nuclease co-occurrence in the MGP milieu it is 

essential to understand the bacterial community structure and function since bacteria – MGP 

interactions are likely to be the primary driver of MGP dynamics in the ocean. These aggregates 

are a habitat for microorganisms and the enzymatic activities associated with them may affect 

the aggregation and disintegration dynamics of these gel particles (Karl and Knauer, 1984; 

Crump et al., 1999; Bochdansky et al., 2010; Smith et al., 2013). Moreover, bacteria have been 

reported to promote the aggregation of MGPs (Ding et al., 2008; Yamada et al., 2016). 

However, not much is known yet about the precise role played by bacterial enzymes and the 

factors that control the structural integrity, or how the co-occurrence of the eDNA and the 

extracellular nucleases in the MGPs may have antagonistic functions affecting the structural 

integrity of the particles. Hence, an understanding of the role of bacteria in MGPs would be 

aided by understanding potential metabolic functions of the community.  

Many studies have reported the structure of bacterial communities associated with sinking 

particles (DeLong et al., 1993; Fontanez et al., 2015; Bachmann et al., 2018), most of them 

focusing on marine snow and sinking aggregates. Mestre et al. (2017) reported individual 

bacterial community structures related to five discrete size fractions (0.2-200 µm), but they did 

not examine the functional diversity linked to these communities. Therefore, in this study the 

structure and function of MGP bacterial communities in the size range 0-2-100 µm was 

investigated to understand the potential bacterial metabolic functions. Assuming that this size 

range determine the newly produced gels with less detritus and attached materials and therefore, 

to get better insight into bacterial attachment to pure marine gels.    

Through the advancement of next-generation sequencing and high-throughput molecular 

technologies, the development of metagenome sequencing and the advance in bioinformatics 

tools has allowed a better understanding of the uncultured bacterial communities. Hence, there 

have been increasing efforts to understand the microbial communities attached to marine 

particles and marine snow to expand and deepen the knowledge of the predicted functions of 

the marine microbiome (Louca et al., 2016; Mendes et al., 2017; Ferrer et al., 2018). Therefore, 

a bioinformatics-based approach was applied to understand the structure and function of the 

bacterial communities associated with MGPs.   
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3.2.1 Aim and objectives 

The aims of this study were to: (i) characterise the composition of the bacterial community 

associated with different size groups of MGPs (0.4-100 µm) from the North Sea; and (ii) to 

gain an insight into the putative metabolic capabilities of the MGP bacterial communities. 

Therefore, the following objectives were identified:  

1. To study the total bacterial community of MGPs in the range 0.4-100 μm.  

2. To separate MGPs into five discrete size fractions 0.2-0.4 µm, 0.4-1 µm, 1-5 µm, 5-12 

µm and 12-100 µm from polycarbonate filters, in order to understand the bacterial 

community associated with each.  

3. To isolate bacterial community total DNA through extraction from MGP, followed by 

16S rRNA sequencing for community analysis using the Illumina MiSeq platform. 

4. To investigate bacterial community functional profiles through the Tax4Fun R-package, 

and to localise the presence of nuclease genes within the bacterial community of MGPs.  
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 Materials and Methods 

3.3.1 Pilot study  

A pilot study was initially conducted to understand the structure of the overall bacterial 

community associated with MGPs from the North Sea.  

Seawater collection  

Coastal seawater was collected on 31st March 2016 from Cullercoats (55o0 N, 1o W) in a clean 

sterile bucket at 0.5 m depth. Seawater were transferred in five-litre carboys to the laboratory 

at Newcastle University and stored in a cold room at 4oC until it was needed for processing 

within 24 hours.  

Sample preparation 

The filtration of the seawater was carried out on 0.4 µm pore-size polycarbonate filter papers 

as described in Chapter 2. For a second size group with upper limit of 100 µm, to result in 0.4-

100 µm filter, the seawater was first passed through a 100 µm stainless steel sieve 

(FisherbrandTM) to get rid of large particles and debris. Therefore, the filter sizes filter size 

contain particle > 0.4 µm, the second 0.4-100 µm and a third < 0.4 µm.  

Total DNA extraction and sequencing  

The total DNA of MGPs was isolated using an InvitrogenTM protocol (PureLinkTM Genomic 

DNA Mini kit) following the manufacturer’s instructions. The DNA concentration of the 

samples was measured using the Nanodrop and the samples were then sent to Mr DNA labs 

(Shallowater, Texas, USA: http://www.mrdnafreesoftware.com) for metabarcoding of the 16S 

rRNA gene. The sequencing was performed using an Ion PGM TM platform. The 300 bp 16S 

rRNA gene V4-V5 hypervariable region was targeted with 515F/806R primers (Caporaso et 

al., 2011). The operational taxonomic units (OTUs), which are a group of similar DNA 

sequences (Blaxter et al., 2005), were defined at 97 percent similarity and taxonomically 

classified using BLAST against a database derived from Green Genes, RDPII and NCBI 

databases.  

http://www.mrdnafreesoftware.com/
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Data format  

Raw data were received in FASTA format, a text-based format representing the nucleotide 

sequences. The data were then converted to FASTQ files using software from 

www.mrdnafreesoftware.com.  

3.3.2 Marine gel particles size fractions study  

To isolate different MGP sizes, a size fractionation of the particles was carried out by serial 

filtration of pre-filtered surface seawater through 100 µm steel mesh sieve as previously 

described in chapter 2. The pre-filtered seawater was then again passed over different pore sizes 

of PC filters (GE Healthcare, UK), as described in Mestre et al. (2017), with modification of 

the filter sizes and range of particle sizes. Fractions were obtained by sequential fractionation, 

as presented in Table 3.1.  

Table 3.1. Fraction labels and corresponding size ranges in µm. 

 

Sample collection 

The seawater was collected on-board the Research Vessel Princess Royal from approximately 

one-mile off the Northumberland coast on 2nd May 2017 for the spring samples and 20th July 

2017 for the summer samples (55o06.972 N, 1o25.600 W). The offshore site is preferred because 

it avoids the anthropogenic influence from land effluent. Seawater was collected from a depth 

of one metre using a clean sterile bucket, with approximately 30 litres of seawater collected in 

total. The samples were stored in 5-10-litre carboys (sterilised by autoclave) and transported 

http://www.mrdnafreesoftware.com/
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immediately to the Newcastle laboratory, and stored at 4oC in a cold room until processing 

within 24 hours. 

Sample preparation 

In the laboratory samples were first pre-filtered through a sterilised 100 µm mesh sieve to 

remove larger debris, followed by a sequential filtration to isolate MGPs as described by Mestre 

et al. (2017), with modified filter sizes. Polycarbonate filter (GE Healthcare) sizes were of 12 

µm, 5 um, 1 µm, 0.4 µm and 0.2 µm. To avoid filter clogging, each filter was used to filter one 

litre of seawater using gentle vacuum filtration (Sartorius, UK) (Padilla et al., 2015). The PC 

filters were then stored at -20oC in individual falcon tubes until DNA extraction. 

Total DNA extraction and sequencing  

The DNA from five replicates of each size fraction was isolated with the MO BIO Power Soil® 

DNA isolation kit (QIAGEN), using 2 ml of sucrose lysis buffer (0.75M Sucrose, 0.02M 

EDTA, 0.05M Tris-base, 0.4M NaCl, pH 9.0) and 50 µl of 20 mg/ml lysozyme, both added to 

a falcon tube containing 2 mm glass beads and the PCTE filters, previously prepared and briefly 

vortexed. The tubes were incubated at 37oC for 30 minutes with periodic vortexing, before 

adding 500 µl of Proteinase K/SDS solution (187.5 µl 20 mg/ml proteinase K, 375 µl 20% SDS, 

made up to 1 ml with sucrose lysis buffer) to each, followed by t, vortexing and incubation at 

55oC for two hours, with further periodic vortexing. Next, 1 ml of lysate was added to a 

microcentrifuge tube and the DNA purified/extracted according to the Power Soil® DNA 

Isolation Kit protocol (12888) (https://mobio.com/media/wysiwyg/pdfs/protocols/12888.pdf).  

The DNA samples were sequenced by Illumina MiSeq sequencing refs at NUOMICS 

(Northumbria University, UK). The V4 hypervariable regions were PCR-amplified utilising the 

Caporaso primer set (515F/806R) according to manufacturer PCR conditions, with subsequent 

PCR reactions using the suitable Illumina adapters and 15bp barcodes that allow for 

demultiplexing (Caporaso et al., 2011). Amplicons were then indexed according to sample, 

normalised using the SequalPrep™ Normalisation 96-Well Plate Kit (Invitrogen), and pooled 

prior to sequencing.  

Data format  

Raw data were received in paired-end, demultiplexed FASTQ file format.  

https://mobio.com/media/wysiwyg/pdfs/protocols/12888.pdf
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3.3.3 Clustering and phylogenetic analysis of the bacterial community  

Pilot study  

The sequencing supplier MrDNA provided complete analysis of the sequences. First, the 

sequence barcodes, primers and sequences less than 150bp were all removed. Sequences with 

uncertain base calls and homopolymer runs exceeding 6bp were also removed. Sequences were 

de-noised, OTUs generated and chimeras removed. OTUs were defined by clustering at 97 

percent similarity. Final OTUs were taxonomically classified using BLAST against a curated 

database derived from GreenGenes, RDPII (http://rdp.cme.msu.edu) and NCBI 

(www.ncbi.nlm.nih.gov) (DeSantis et al., 2006). 

Data files were received in tab delimited text (txt) format with all taxonomy assigned. These 

txt files were initially imported into Excel and rearranged to be suitable for analysis as per the 

software requirements (.csv files for R and .txt files for Statistical Analysis of Metagenomics 

Profiles (STAMP)).  

MGP size fractions study 

The raw Illumina MiSeq sequencing data were analysed using the QIIME (Quantitative Insights 

into Microbial Ecology) pipeline http://qiime.org/. QIIME version 1.9.1 with SILVA database 

was employed for the bacterial community structure analysis. Each of the five replicates of each 

size fraction in each season condition were pooled separately into a single FASTQ file. The 

reason was to prevent loss of sequence while processing the sequences reads as the reads of the 

12 m sample have a minimum number of sequences.  

The following QIIME workflow was used: QIIME’s multiple_join_paired_ends.py script was 

used to combine the paired-end reads. For downstream analysis, only reads that were 

successfully paired were used. QIIME’s multiple_split_library_fastq.py script was then used to 

perform quality control and prepare the data for downstream analysis by creating a single 

FASTA file with compatible IDs. Open reference OTU picking was performed using QIIME’s 

pick_open_reference_otus.py script with default parameters (including use of the Green Genes 

v13.8 database). The core diversity analysis was carried out using the 

core_diversity_analysis.py script, using a sampling depth of 8,500 (based on the number of 

OTUs for the condition with the fewest identified OTUs). Additional principal coordinates 

analysis (PCoA) was carried out to explore robustness using the jackknifed_beta_diversity.py 

script using 100 sequences per sample. The make_2d_plots.py script was then used to visualise 

these.  

http://rdp.cme.msu.edu/
http://www.ncbi.nlm.nih.gov/
http://qiime.org/
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3.3.4 Diversity indices 

The species richness Menhinick's index (Whittaker, 1977), species abundances, density, species 

diversity indices (Shannon-Wiener), and evenness (Pilou’s evenness index),  were all computed 

in RStudio using commands from http://www.flutterbys.com.au/stats/tut/tut13.2.html for both 

the pilot study and MGP size fraction studies. The alpha diversity within the sample, diversity 

metrics for the phylogenetic diversity whole tree (PD), number of species richness (Chao1) and 

OTUs were observed, while beta diversity was presented as PCoA between fractions based on 

a Bray-Curtis dissimilarity calculated from the OTUs table in STAMP and R. 

3.3.5 Prediction of the functional capabilities of MGP bacterial communities 

The role of the bacteria associated with MGPs in different size fractions can only be understood 

following subsequent functional studies using the Tax4Fun R-package, where the 16S rRNA 

sequences of the bacterial community presented were annotated in the KEGG database. Based 

on metagenomics amplicon-based sequencing of the 16S rRNA, the functional predictions of 

the MGP-associated bacterial communities were made using Tax4Fun, which is an open-source 

R-package http://tax4fun.gobics.de/. The choice of Tax4Fun for functional communities 

profiling was made because it matched well with the 97 percent similarity of the taxonomic 

sequencing data. In addition, it is more accurate at annotating 16S rRNA gene sequences with 

functional annotation of sequenced prokaryotic genomes (Aßhauer et al., 2015).  

Tax4Fun workflow 

The overlapped forward and reverse sequence reads of each sample were combined by joining 

the paired end. The split_library_fastq.py script was used to carry out QIIME’s default quality 

control of the sequences. Two rounds of OTU picking were carried out. The first was open 

reference OTU picking, which uses the GreenGenes v13.8 database, and is done because it 

generates a phylogenetic tree that includes de novo OTUs. The second was closed reference 

OTU picking, which uses the 97 percent identity clustered in the SILVA (release 119) database. 

These files were used in downstream Tax4Fun analysis. The BIOM tables generated from 

closed-reference OTU picking were used in Tax4Fun to generate, firstly, Tax4Fun profiles; the 

predicted relative abundance of KEGG orthology (KO) groups present in the sample, based on 

sequences. Secondly, KEGG pathway profiles were generated, which are the predicted relative 

abundance of KEGG pathways present in the sample, based on taxonomy. The function of non-

http://www.flutterbys.com.au/stats/tut/tut13.2.html
http://tax4fun.gobics.de/
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rRNA reads was determined by comparison with the May 2018 version of KEGG (Kanehisa 

and Goto, 2012). 

3.3.6 Statistical analysis 

Two sample unequal variance t-tests were used to compare bacterial abundance between spring 

and summer. A single factor ANOVA was applied to analyse the differences between bacterial 

abundance and different size fractions. However, sequencing data were statistically analysed 

using the STAMP software package v2.1 http://kiwi.cs.dal.ca/Software/STAMP, as described 

by Parks et al. (2014). The phylogenetic table containing abundance profiles at the family level 

was imported to the STAMP tool. Similarly, the metabolic functional profiles that were 

generated in Tax4Fun from the metabarcoding data set were imported into STAMP. All Excel 

files used in STAMP were in .csv format. ANOVA is used in STAMP to study means by the 

Tukey-Kramer post-hoc test at P > 0.05 to detect the significant difference between bacterial 

community abundance in size fractions and among seasons. In addition, t-tests were employed 

to compare the means of bacterial abundances during spring and summer.    

  

http://kiwi.cs.dal.ca/Software/STAMP
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 Results 

3.4.1 Bacterial community of the MGP (pilot study)  

The pilot study was conducted to get an overview of the bacterial communities associated with 

different size groups of MGP (0.2, 0.4-100 and 0.4 µm). Here, nine 16S rRNA libraries were 

produced, totalling 1,055,426 sequences from the different MGP sizes.  

The rarefaction analysis of the obtained sequencing data and OTUs indicates that the 

sequencing depth at 26029 OTUs per sample was sufficient to reveal low abundance OTUs, as 

the rarefaction plots of sequences per sample against OTUs flatten out (Figure 3.1).  

 

 

Figure 3.1 Rarefaction curves generated from 16S rRNA sequencing of the different filters (0.2, 0.4-100 

and 0.4 µm) of MGP. 

The beta diversity presented in PCoA (Figure 3.2) indicates that the samples grouped by one 

filter size are similar as they appear closer to each other. However, one sample of the 0.2 µm 

size filters appeared dissimilar, the bacterial community compositions for each different MGP 

filter size are distinct from each other.  

b 
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Figure 3.2 Principal Component Analysis of different size fractions: <0.2, 0.4-100 and >0.4 µm. 

Diversity of MGP-associated bacterial communities 

The number of sequences obtained from 0.4-100 µm are the highest compared to the other size 

fractions. Interestingly, the number of OTUs observed was also higher in the 0.4-100 µm size 

fraction compared to the 0.4 µm fraction that was expected to contain greater numbers of large 

particles and, consequently, more attached bacteria. The alpha diversity represented by species 

richness (Menhinick), bacterial diversity indices (Shannon-Wiener), evenness (Pilou’s) and 

True Shannon are presented in (Table 3.2). The species richness as indicated by Menhinick is 

higher in MGP for the size range 0.4-100 µm, followed by 0.4 µm. The bacterial diversity 

measured by Shannon-Wiener was higher in MGP of filter size 0.4-100 µm compared to MGP 

of 0.4 µm. The evenness as shown by Pilou’s index revealed that the MGP of size 0.4-100 µm 

contains a heterogeneous community compared to 0.4 µm.  

 

 

 

 



  

58  

 

Table 3.2 Statistical summary of the 16S rRNA gene sequencing of MGP-associated bacteria from 

Northumberland coastal water of different filter sizes (0.2, 0.4-100, and 0.4 µm). Richness, abundance, 

diversity indices (Shannon, Simpson and True Shannon) were computed in R of the 0.2, 0.4-100 and 0.4 

µm filter sizes. 

 

Bacterial community composition  

The taxonomic analysis of the MGP-associated bacterial community composition at the phylum 

level showed that Proteobacteria is the dominating phylum in all three filter sizes, followed by 

Bacteroidetes in the filters 0.4-100 and 0.4 µm, as illustrated in Figure 3.3.  
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Figure 3.3 The relative abundance of bacterial taxa depicted in stack columns at phylum level of 

different MGP sizes; <0.2 m, >0.4 m and 0.4-100 m.  
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To assess the differences in bacterial community composition, sequences were classified to the 

family level to gain closer insight into the abundance of the MGP-associated bacteria (Figure 

3.4).  

 

Figure 3.4 Heat map of the various significant bacterial families present in different MGP filter sizes. 
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3.4.2 Bacterial community composition of different MGP size fractions  

MGP separation into five discrete size fractions were successfully resulted into five discrete. A 

total of 50 samples, comprising of five different size groups of MGP sampled in spring and 

summer, with five replicates of each size group per season, were all analysed for bacterial 

community structural composition by 16S rRNA metabarcoding sequencing using the Illumina 

MiSeq platform. The bacterial community composition associated with different MGP size 

groups of 0.4, 1, 5, 12 and 100 µm are presented in this section. The five size groups 

representing different size ranges were tabulated in Table 3.1, which shows that 0.4 and 1 µm 

groups represent smaller size fractions of the MGP and these clusters may overlap and contain 

FL bacteria. However, as the size fractions increase to 5, 12 and 100 µm, these three groups 

designate the PA assemblages.  

Diversity of bacterial communities associated with different size fractions of MGP 

Species richness, as displayed in the rarefaction curves, shows phylogenetic diversity whole 

tree diversity (PD) (Figure 3.3 A), Chao1 (Figure 3.3 B) and OTUs (Figure 3.3 C). Despite that 

the samples with higher OTUs have lost much of their data, the rarefaction analysis indicates 

that each sample reached a saturation plateau and the depth of 8,500 sequences per sample is 

sufficient to represent the alpha diversity of taxa within the communities.  
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Figure 3.5 Rarefaction curves on (A) phylogenetic diversity (PD), (B) species richness (Chao1) and (C) 

observed OTUs. 
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The PCoA based on Bray-Curtis dissimilarity (Figure 3.6A) reveals that bacterial communities 

of spring and summer samples are dissimilar. 

 

 

Figure 3.6 Principal Component Analysis showing microbial community dissimilarity among 

MGP in spring and summer (A), and of different size fractions of MGP: 0.4 m, 1 m, 5m, 

12m and 100m (B). 

Several diversity indices were calculated in R-Studio (Menhinick, Shannon-Wiener, and 

Pilou’s  evenness ) in order to understand the distribution of the bacterial communities’ taxa in 

association with different MGP size fractions (Table 3.3). Species richness (Menhinick’s) tends 

to increase in the summer samples of 0.4, 1 and 5 µm MGPs size fractions. Conversely, the 

species richness of the 12 and 100 µm MGP size fractions was lower in the summer samples. 

In regard to size fractions, the species richness was the highest in the 5 µm summer followed 

by 100 µm spring and 0.4 summer MGP size fractions.  



  

64  

 

The Shannon-Wiener index range is between 0 and 5 and it is evenness-sensitive. The bacterial 

diversity index based on Shannon-Wiener, tends to increase in the summer for the MGPs of 

0.4, 1, 5 and 12 µm size fractions, whereas it decreases in the summer for the 100 µm size 

fraction, as shown in Table 3.3. The highest diversity observed was in the 0.4 µm summer 

sample (3.555) followed by 1 µm (3.365) and 5 µm (3.185). From these data it appears that the 

smaller size fractions hold more bacterial diversity in comparison to bigger size fractions as 

presented in Table 3.3.Thus far, the results indicate diverse bacterial communities associated 

with different MGP sizes.  

The evenness of the taxa within each bacterial community is measured to understand the 

homogeneity (evenness) of the community. Pilou’s evenness (Simpson evenness) was used and 

the values of it range between zero and one, where values closer to zero represent a more diverse 

community and the opposite if the values are closer to one. The data had values of Simpson 

evenness ranging between 0.098 and 0.137, as presented in Table 3.3. There was more variation 

in the abundances of different taxa observed in the 1 µm size fraction during spring, where 

Simpson evenness value was 0.098, pointing to a more diverse bacterial community in 

comparison to other MGP size fractions.  

Evidently, the structure of the bacterial community attached to MGP is significantly different 

for spring and summer. Based on an unpaired t-test, there were significant differences between 

MGP size fractions in spring and summer; 1 µm (Pt-test = 0.0003, Pt-test < 0.05), 5 µm (Pt-test = 

0.0042, Pt-test < 0.05), 12 µm (Pt-test = 0.0227, Pt-test < 0.05), and 100 µm (Pt-test = 0.0170, Pt-test < 

0.05). However, there was no significant difference between the bacterial community of the 

smaller size fraction of 0.4 µm for spring and summer (Pt-test = 0.9251, Pt-test > 0.05).  

The analysis of variance indicated that the abundance of bacteria was significantly different 

between size fractions (spring: PANOVA = 0.0004, PANOVA < 0.05 and summer: PANOVA = 0.0243, 

PANOVA < 0.05).   

 

 

 

 

 

 



  

65  

 

Table 3.3 Statistical summary of the 16S rRNA gene sequencing of MGP-associated bacteria from 

Northumberland offshore water in spring and summer of different filter sizes (0.4, 1, 5, 12 and 100 µm).  

 

 

Bacterial community composition  

The taxonomic analysis of all the MGP size fractions based on sequencing of 16S rRNA genes 

matched with Green Genes and SILVA databases, revealing that the dominant bacterial taxa 

associated with different MGP size fractions (0.4, 1, 5, 12 and 100 m) generally belong to the 

phyla Proteobacteria, Bacteroidetes, Firmicutes, and Cyanobacteria with variation in the 

relative abundances among different sizes and seasons as presented in Figure 3.7. It can be seen 

from the stack bars that the smaller size fraction of 0.4 m that represents FL communities in 

spring is enriched with Bacteroidetes (58 percent), followed by Proteobacteria (38 percent). 

Proteobacteria are more abundant in spring compared to summer and dominate the 1 and 5 m 

size fractions (61 percent and 66 percent, respectively), followed by Bacteroidetes (31 percent 

and 21 percent, respectively). The relative abundance of Cyanobacteria (mainly family 

Synechococcaeae) appeared to increase with bigger size fractions (5, 12 and 100 m) in spring 

with 11 percent, 23 percent and 37 percent, respectively, and was highest in abundance in the 

summer in the 100 m fraction (45 percent). Firmicutes appeared more in summer samples with 

the higher abundances in the size fractions 0.4 m (31 percent) and 12 m (37 percent). 

Euryarchaeota emerged in the summer samples of all fractions, except 100 m, with higher 

abundance of 11 percent in the 0.4 m size fraction. Shifts in the community structure of the 

MGP-associated bacteria thus appear to be due to size fractions and season.  
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Figure 3.7 The relative abundance of the bacterial taxa associated with different MGP size fractions; 0.4 

m, 1 m, 5 m, 12 m and 100 m from spring and summer, classified at phylum level. 



  

67  

 

To obtain a better resolution for bacterial community composition, a family level was selected 

as this appears to be better identified in comparison with genera and species levels, providing 

a reasonable outlook to represent taxa. There are significant differences in the abundance of the 

bacterial communities associated with MGP in spring and summer. The families 

Alteromonadaceae (Pt-test=0.002<0.05), Flavobacteriaceae (Pt-test= 0.003<0.05), 

Erythrobacteraceae (Pt-test= 0.008 <0.05), Rhizobiaceae (Pt-test = 0.036 <0.05) and unclassified 

families from the order Alteromonadales (Pt-test= 0.044 <0.05) all have significantly higher 

abundance in spring. Furthermore, the families Prevotellaceae (Pt-test= 0.003< 0.05), 

Lactobacillaceae (Pt-test= 0.018<0.05), Paraprevotellaceae (Pt-test=0.023<0.05), 

Porphyromonadaceae (Pt-test= 0.024 < 0.05), Bacteroidaceae (Pt-test= 0.026 <0.05), unclassified 

families of Clostridiales (Pt-test= 0.031<0.05), Fusobacteriaceae (Pt-test= 0.034<0.05), 

Lachnospiraceae (Pt-test= 0.037 < 0.05) and Enterobacteriaceae (Pt-test= 0.39 <0.05) all showed 

noticeably higher abundance in summer samples (Figure 3.8). 

 

Figure 3.8 Comparasion of taxonomic profiles of MGP and differences among family abundances of 

spring and summer (P<0.05). P-values corrected using Benjamini-Hochberg false discovery rate. 

Horizontal bar plots display the mean (± S.D.) proportional contribution (%) of each family to the total 

community.  
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Family abundances showed variations among different MGP size fractions. The families 

OCS155 (PANOVA<0.001), Pelagibacteraceae (PANOVA<0.001), Methylophilaceae 

(PANOVA<0.05), A714017 (PANOVA<0.05), Pelagibacteraeae (PANOVA<0.001) and 

Halomonadaceae (PANOVA<0.001) have noticeably higher abundances in the 0.4 m MGP size 

fraction, as shown in Figure 3.9. Pelagibacteraceae is abundant in 1 m size fractions 

(PANOVA<0.05) (Figure 3.9), indicating that these families are linked to smaller MGP sizes.  

On the other hand, different families are considerably abundant in association with larger MGP 

size fractions; the family Micrococcaceae (PANOVA<0.02) and an unclassified family of the 

order Stramenopiles (PANOVA<0.05) showed higher abundance in 100 m MGP size fractions.  
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Figure 3.9 The mean proportion and differences in mean proportions (%) of the taxonomic profile of 

MGP, differences between the abundance of families (OCS155, unclassified family of the order 

Stramenopiles, Pelagibacteraceae, Micrococcaceae, Methylophilaceae, A714017 and Halomonadaceae) 

in different MGP size fractions: 0.4 m (blue), 1 m (orange), 5 m (turquoise), 12 m (purple) and 

100 m (green) (P<0.05). Horizontal bar plots display proportional contribution (%) of each  
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3.4.3 Functional capability profile of the MGP-associated bacterial communities  

To get an insight into the putative functional capability profiles of the MGP-associated bacterial 

community of different size groups of spring and summer, the filtered 16S rRNA bacterial 

sequences were annotated in KEGG. The KO profiles were generated from OTU tables created 

in SILVA. There is a total of 286 identified pathways within the bacterial community associated 

to MGP. The relative abundances of the predicted metabolic pathways are presented in Figure 

3.10. Despite the various metabolic pathways present within the genes of the bacterial 

community associated with MGP, there is a similar pattern of pathway abundances within the 

community, irrespective of size fractions or seasons (Figure 3.10).  

Generally, the relative abundance results of the pathways indicate a functional redundancy 

when compared to the relative abundance of the bacterial community of MGP size fractions 

that differs by size and season.  
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Figure 3.10 The relative abundance of predicted metabolic pathways (pathways that count for <1 percent 

is considered as other). 

There are significant differences (P<0.05) in some of the genes involved in the metabolic 

pathways present within the MGP-associated bacteria between spring and summer. Five 

metabolic pathways, the cell cycle-caulobacter (P= 0.004), bacterial secretion system (P= 

0.005), two-component system (P= 0.013), bacterial chemotaxis (P= 0.041) and flagellar 

assembly (P= 0.043) were significantly enriched in the spring. Six other metabolic pathways, 

pyrimidine metabolism (P= 0.009), purine metabolism (P= 0.011), aminoacyl-tRNA 

biosynthesis (P= 0.017), ribosome (P= 0.004), fructose and mannose metabolism (P= 0.036) 

and lysine biosynthesis (P= 0.040) were significantly higher in the summer community, as 

shown in Figure 3.11. Moreover, relating the significantly different functional profiles in Figure 

3.11 of the bacterial community in spring and summer to the significantly different family 
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abundance in spring and summer in Figure 3.8 suggests that pathway enrichment may perhaps 

be driven by the corresponding abundant families.  

  

 

Figure 3.11 The mean proportion and difference in mean proportion (%) showing a proportion of 

sequences with significant differences (P < 0.05) of the functional capabilities among different size 

fractions of MGP between spring and summer. 

Furthermore, the metabolic pathways show variation between the different size fractions of 

MGP as illustrated in Figure 3.12. The heat map reveals that the most predominant functional 

genes “homologous recombination”, “starch and sucrose metabolism”, “glycine, serine and 

threonine metabolism”, and nitrogen metabolism are found in all size fractions. The results 

point to what functional genes the taxa groups are encoding, while the photosynthesis functional 

genes are enriched in the size groups of 5, 12 and 100 µm with a higher abundance in 100 µm.  
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Figure 3.12 Heat map dendrogram showing the distribution of the functional categories illustrated by 

metabolic pathways between different MGP size groups.  
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3.4.4 Abundance of nuclease enzymes 

There are total of 6605 enzymes predicted within the bacterial community associated with 

different MGP size fractions in this study. All nuclease-related enzyme genes were mined from 

the Tax4Fun output. A total of 75 enzymes were found related to nucleases, accounting for 

about 1.7 percent of the total putative predicted enzymes. There are significant differences (Pt-

test< 0.05) in the presence of nuclease genes with MGP-associated bacterial communities 

between spring and summer, as presented in Figure 3.13A, where regulation of ribonuclease 

activity A (P= 0.003), ribonuclease PH (P= 0.017), deoxyribonuclease I (P= 0.021), 

ribonuclease R (P= 0.027), ribonuclease T (P= 0.027), exodeoxyribonuclease I (P= 0.030) and 

putative endonuclease (P= 0.045) all have a higher abundance in spring. Ribonuclease HIII (P= 

0.044) is the only one that showed higher abundance in summer.  

Moreover, Figure 3.13B provides an overview of the differences between nuclease enzyme 

gene abundance between different MGP size fractions. It is illustrated that overall MGP size 

fractions are enriched with exonuclease ABC subunit A. The 0.4 and 1 µm size fractions, which 

are considered smaller, display similar enrichment patterns. On the other hand, the larger size 

fractions (5, 12 and 100 µm) showed less comparable patterns. The enrichment of 

exodeoxyribonuclease V gamma subunit and exodeoxyribonuclease V beta subunit were found 

to be higher in size fractions of 100 µm in spring and summer.  

By comparing the two results, it is thought that the functional variability could be related to the 

significantly different abundant taxa because taxonomic diversity would alter the distribution 

of nuclease genes among season and size fractions.  
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Figure 3.13 The group of nuclease enzymes present within the bacterial community associated with 

different size fractions of MGP. A: Extended error plots with 95 percent confidence intervals using 

Benjamin-Hochberg FDR procedure. B: Heatmap presenting the distribution (in relative abundances) of 

predicted nuclease enzymes. The dendrogram clustering threshold is 95 percent. 
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Overall, these results indicate that bacterial communities associated with different MGP size 

groups vary with season and sizes, as well as the functional profiles. Together these results 

provide important insights into the compositional structure and functional profile. KEGG 

pathways and genes associated with bacterial community associated with MGPs were mapped 

to functionally profile spring and summer of different MGP size groups.  
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 Discussion 

MGPs are ubiquitous in the ocean playing a key role in the carbon cycle and sedimentation of 

organic matter through the microbial communities they harbour. This study characterised the 

structure of the bacterial community associated with MGPs through amplicon-based 

sequencing (Illumina MiSeq) of the 16S rRNA gene. Although the best technique to provide 

detailed metabolic and functional profiles is to perform a whole metagenome shotgun, the 16S 

rRNA sequencing method is a cost-effective technique that provides a good understanding of 

microbial ecology (Langille et al., 2013; Anahtar et al., 2016; Ranjan et al., 2016).  

Initially, a pilot study to assess the bacterial community associated with MGP used a 

comprehensive size range of over 0.4 µm and 0.4-100 µm. This study was designed to help 

understand the overall bacterial community associated with MGP. It highlighted the general 

overview of bacterial community structure associated with a wider range of MGP sizes obtained 

from one filter size. However, the choice of the wide-range community in one filter size 

hindered the ability to get a clear insight into the bacterial communities associated with different 

sizes of MGP. The 0.4 µm filter size results were expected to overlap with the bacterial 

communities of the 0.4-100 µm filter. The beta diversity results of PCoA showed dissimilar 

communities in each size group.      

Therefore, a size fractionation study was conducted to understand the bacterial communities 

attached to individual size groups as it provided a differentiated and comprehensive depiction 

of the bacterial community structure compared to the one size filter (Mestre et al., 2017). This 

enabled studying the functional capabilities of the taxa present in each different size group of 

MGPs. The fractionation of the MGP size range (0.2-100µm) resulted in five discrete MGP size 

groups for spring and summer, (the detailed corresponding sample IDs are in section 3.3.2, 

Table 3.1). In addition, functional profiling of the bacterial community of the five MGP size 

groups was explored to describe the potential functions associated with the bacterial community 

of each size of the MGP.  

Previous studies that depended on size fractionation of water samples reported distinct groups 

of bacterial communities between free living (FL) and particle attached (PA) bacteria (DeLong 

et al., 1993; Acinas et al., 1999; Moeseneder et al., 2001; Zhang et al., 2016; Mestre et al., 

2017). Conversely, other studies have shown high resemblance between the FL and PA 

bacterial communities (Hollibaugh et al., 2000; Ortega-Retuerta et al., 2013). Thus far, there is 

an argument in the literature on the overlap size range of FL and PA bacteria as well as their 

similarity and dissimilarity within these size groups. These could possibly suggest a spatial 
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and/or temporal variation or an error in the serial filtration in the fractionation procedure to 

separate the FL and PA fractions of the bacterial communities as some bacteria may stick to the 

filters of the bigger size fractions (Mohit et al., 2014; Rieck et al., 2015).  

3.5.1 Bacterial communities associated with different MGP size fractions  

Pilot study  

The pilot study results revealed that the richness and diversity of the one filter size 0.4-100 µm 

and 0.4 µm are distinct. Despite the overlap in gel particle sizes that were collected on each of 

them, interestingly, the 0.4-100 µm fraction showed higher richness and diversity compared to 

< 0.4 µm. Although the filter size >0.4 µm which was expected to be richer and more diverse 

because it contains particles larger than 100 µm. This would suggest that the upper size cut-off 

has affected in some way the abundance and composition of the bacterial community. Studying 

the MGP bacterial community in a larger range of sizes, 0.-100 µm and >0.4 µm, has provided 

general insight into the taxonomic groups within the particles without distinguishing between 

different sizes on the filters.  

The diversity of bacterial community of MGPs size groups 

The choice of these seasons and size fractionation was based on gel particles in the ocean being 

higher in abundance during spring and summer (Engel et al., 2004; Verdugo et al., 2004). 

Despite this there are few studies available on the abundance of MGP in the current study area 

of the North Sea (Sintes et al., 2010), these two seasons were chosen because MGP numbers 

are high during spring-summer periods (Mestre et al., 2017).   

The rarefaction analysis of the sequencing data indicates that the achieved sequencing depth of 

8500 per sample was sufficient to reveal the low abundance species as the rarefaction plots of 

the reads against OTUs levelled off (Schloss et al., 2009; Daley and Smith, 2013). More 

samples and taxonomic descriptions of the MGPs are needed to decrease the proportion of 

squandered sequences reads and to fully describe the nature of the bacterial community 

composition of different MGP size fractions. Despite these limitations, the results revealed 

valuable phylogenetic information on the MGP bacterial diversity.    

The two large size fractions of 12 µm and 100 µm during summer had fewer OTUs in 

comparison to other filters size, which would indicate that the bacterial abundance on MGP is 

not size dependent. Interestingly, the species richness did not increase with increasing MGP 
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size. This suggests that there is no correlation between the richness of bacterial taxa and the 

associated particle size. This would be inferred by the abundance of dominant bacteria that 

facilitate attachment and prevent others from attachment to the same particles. In addition, 

variations in environmental conditions and substrate availability may also be important (Yawata 

et al., 2014; Cordero and Datta, 2016; Datta et al., 2016). In contrast, a similar study did find 

an increase in community species richness with particle size (Mestre et al., 2017).  

The results showed that there was significant variation between the five discrete size fractions 

of MGP in spring and summer, harbouring distinct bacterial taxa. As the results show, the major 

bacterial communities associated to MGP belong to Proteobacteria. These findings are 

consistent with some previous studies that the major phylum associated with gel particles like 

TEP are Proteobacteria (Levi et al., 2016). This may suggest that the composition of the outer 

membrane of Proteobacteria (Gram negative) that is made up from lipopolysaccharides may 

facilitate the attachment of Proteobacteria to marine gel aggregates which are mainly made up 

from polysaccharides. Lipopolysaccharides are an amphipathic molecule and have been 

reported in pathogenic bacteria as self-aggregating, forming larger molecules in the blood 

stream (Santos et al., 2003). Moreover, taxa within the Bacteroidetes, including Cytophaga and 

Flavobacteria, are often found associated with marine snow and phytoplankton blooms in 

marine environments (DeLong et al., 1993; Teeling et al., 2012a; Fontanez et al., 2015).  

The present data show that different MGP size groups harboured distinct bacterial community 

compositions, although the differences was not consistent. It was hypothesised that bacterial 

communities differ greatly between particle fractions and this may result in a connection of 

microbial properties of different size groups. However, the current study reveals a significant 

difference in the bacterial community abundances within different MGP size fractions and 

between seasons. The Alteromonadaceae and Flavobacteriaceae families that differ 

significantly in abundance, favouring spring. Alteromonadaceae are a marine family reported 

to utilise a variety of organic molecules and to produce extracellular enzymes like amylase, 

lipase, gelatinase and chitinases (López-Pérez and Rodriguez-Valera, 2014). Flavobacteriaceae 

are cytophages belonging to Bacteroides and commonly found attached to marine particles 

(Tully et al., 2014). The variation of bacterial community associated with MGP in spring and 

summer is common and it is in agreement with previous studies (Glöckner et al., 1999; 

Kirchman, 2002; Amaral-Zettler et al., 2010).    

At this point, by describing the MGP diverse bacterial communities associated with various 

size fractions, insights into the size and seasonal differences of the bacterial community 

structure of the North Sea MGPs were gained. Size fractionation e allowed a further overview 
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of the microorganisms in the FL and PA modes. Generally, the taxa of particle-associated 

communities contributed to a significantly higher phylogenetic and metabolic diversity of the 

MGPs, that is in agreement with studies of particulate material in other aquatic ecosystems 

(Dang and Lovell, 2016; Yung et al., 2016).  

3.5.2 The functional profile of MGP-associated bacterial communities  

The potential functional profile of the bacterial community associated with MGP has been 

investigated here by using 16S rRNA bacterial community analysis functional predictions were 

carried out by sequence annotation in KEGG. The results of the predicted bacterial functional 

profiles of the MGP size fractions displayed diverse putative functions represented by various 

pathways and enzymes present within the bacterial communities associated to different MGP 

size fractions. Putative functions predicted that there is significant difference in the metabolic 

pathways encoded by the bacterial communities between spring and summer. The results 

showed noteworthy variation in the genes encoding the pathways of purine and pyrimidine 

metabolism, where both pathways showed higher appearance in summer MGPs. This is 

indicating a higher demand of the enzymes related to these two pathways in the summer. This 

observation is in agreement with a prior study that reported higher uptake rates of dissolved 

eDNA in the coastal Northwest Mediterranean in the summer using a radioactive bioassay 

method to quantify the dissolved eDNA (Salter, 2018). This investigation reported a turnover 

rate of the eDNA in less than five hours during extreme limited phosphate period.  

Moreover, to map the findings of high purine and pyrimidine putative genes present in summer 

with the significantly abundant families found in association with the MGPs in summer: 

Prevotellaceae Lactobacillaceae, Paraprevotellaceae, Porphyromonadaceae, Bacteroidaceae, 

Fusobacteriaceae, Lachnospiraceae and Enterobacteriaceae. This would suggest that these 

bacterial groups might be responsible for the high pathway’s abundance. Presumably, these 

families might be consuming eDNA and thus encoding purine and pyrimidine. A recent study 

has investigated the intake of eDNA by marine bacteria in the sea bottom (Wasmund et al., 

2019). This study revealed that diverse bacteria of the sea floor like Candidatus Izemoplasma, 

Lutibacter, Shewanella, Fusibacteraceae and Nitrincolaceae are able to utilise eDNA derived 

carbon. Where the genomic study of Candidatus showed several genes of extracellular 

nucleases and the Fusibacteraceae genome haven’t encode any extracellular nuclease genes. 

Other earlier studies have also reported the consumption of DNA by marine bacteria like some 
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species of α-Proteobacteria, Vibrio, Alteromonas, Pseudoalteromonas and Shewanella 

oneidensis, yet the last is reported to use the DNA by secreting extracellular nucleases (Lennon, 

2007; Gödeke et al., 2011).  

 A variety of pathways were significantly enriched in spring MGPs, such as those associated 

with bacterial chemotaxis and flagella assembly pathways. This points to the fact that observed 

pathways may be highly involved in the motility of bacteria present within the community 

toward freshly-produced particles that thrive and are abundant in spring following algal blooms 

(Teeling et al., 2016). Notably, the photosynthesis pathway was higher in MGP size fractions 

5, 12 and 100 μm in spring and summer, in agreement with the taxonomic profile of these 

groups that was dominated by Cyanobacteria Synechococcus. This suggests that these MGP 

bacterial communities are playing a role in the fixation of carbon by photosynthesis during the 

spring-summer. This finding is in agreement with a prior study that reported a correlation 

between bigger particle sizes and cyanobacterial abundance in Lake Taihu, China (Shi et al., 

2018).    

The results showed that distinct bacterial taxonomic structural composition in the MGP may 

drives distinct functional profiles. This work has shown that shifts in the taxonomic composition 

of MGPs in different size fractions did not correspond to the metabolic potential profile that 

remained relatively the same across size fractions and seasons. This indicates a partial 

functional redundancy, consistent with recent studies (Allison and Martiny, 2008; Sunagawa et 

al., 2015; Louca et al., 2016; Louca et al., 2018). However, another study reported a strong 

correlation between microbial taxa and their functions (Galand et al., 2018).  

MGPs undergo continuous aggregation and dispersion, where the dispersed particles have low 

buoyancy fragments tend to travel upward to the ocean surface (Cunliffe et al., 2011; Wurl et 

al., 2011). This natural dynamic of the MGP is thought to be controlled by bacterial 

extracellular enzymes (Baltar et al., 2010; Baltar et al., 2017). Therefore, it is important to 

understand the bacterial community composition of MGPs and their functional profiles in order 

to increase the knowledge of bacterial-particles interactions and their potential ecological 

dynamics in the ocean.   

Despite its exploratory nature, this study for the first time offers some insight into the functional 

diversity of the bacterial community composition associated with MGPs size groups of 0.2-100 

µm. However, major contributors to bacterial community diversity and corresponding 

functional gene abundances in MGP remains largely uncharacterised. Marine microorganisms 
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attach to particles as a preferred lifestyle (Smith et al., 1992; Simon et al., 2002; Grossart et al., 

2007). Gene expression of enzymes in bacteria is a feature distinct for the planktonic mode of 

life or biofilm mode where bacteria live in consortia (Chua et al., 2014). Therefore, extracellular 

enzymes may be secreted by expression, depending on bacterial demand and mode of life. 

Notwithstanding that this is a functional predictions study of the MGP bacterial community, 

the encoded genes presents are not necessarily expressed. Hence, it is important to assess the 

functions by either transcriptome or culture dependent studies. The next chapter, therefore, 

moves on to discuss the capability of secretion of DNases by cultured FL and PA marine 

bacteria.  
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 Conclusions 

This work examined bacterial community structure and profiled the functional capabilities of 

different size groups of MGP from Northumberland offshore waters collected in spring and 

summer. The size fractionation of MGPs enabled a better understanding of the bacterial 

communities associated with each MGP size range. The several findings of this study are:     

1. The taxonomic structures of microbial communities attached to MGP’s vary between 

seasons (spring and summer) and size groups.  

2. The MGP microbial community is dominated by diverse families, mainly 

Proteobacteria, Bacteroidetes, Firmicutes and Cyanobacteria. The variation was size 

and season dependent.  

3. Seventy-five putative nuclease genes are present within the MGP attached bacterial 

communities.  

4.  Some taxonomic groups may influence the functional capabilities of the MGP bacterial 

communities.  

5. The data showed evidence of partial functional redundancy of the microbial functional 

profiles of the bacterial communities.  

6. This work can contribute to a further consideration of the role of MGP bacterial 

metabolites in the gel particle dynamics in the ocean.  
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 Isolation and identification of marine bacteria producing 

extracellular nucleases  

 Abstract 

The vast majority of bacteria in the natural environment are present in the form of aggregates 

and/or biofilms. Microbial aggregates are ubiquitous in the marine environment and are 

inhabited by diverse microbial communities that often express intense extracellular enzymatic 

activities. This has implications for marine biogeochemical processes, such as nutrient cycling 

for example.  Despite this, the secretion of DNases, an important group of enzymes released by 

marine aggregate associated bacteria, has not been studied. Therefore, in this work a culture-

based approach was used to examine the diversity of bacterial nucleases in particle-attached 

and free-living marine bacteria.  Bacterial isolates were identified by 16S rRNA and MALDI-

TOF mass spectrometry and investigated for DNase production on methyl green DNase test 

agar. The results showed that of the 115 isolates identified, most of them belonged to 

Gammaproteobacteria (58%), with smaller contributions from by Actinobacteria (16%) and 

Firmicutes (14%). Further, 36% of the isolates showed positive DNase activity, dominated by 

the Vibrio and Shewanella genera. Further characterisation was carried out for the most active 

isolates, and these showed DNA hydrolysis comparable to high concentrations of micrococcal 

nuclease (MNase) and Nuclease B (NucB), the positive controls. Indicating a potent DNase 

producer from marine sediments is classified as Serratia marcescens. This study highlighted 

the prevalent production of DNases among marine bacteria and the secretion of nucleases by 

bacteria isolated from marine gel particle (MGPs) for the first time in marine aggregates. This 

has important implications for understanding the dynamics and fate of marine aggregates in 

relation to extracellular DNase in the oceans. 
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 Introduction 

The marine environment contains enormous microbial diversity (Salazar and Sunagawa, 2017) 

and density; on average, bacteria are present in seawater at concentrations of 106 cells ml-1 

(Azam, 1998; Azam and Malfatti, 2007). Bacteria can live in one of two modes: either as free 

living (planktonic) or aggregated, either attached to surfaces (biofilm) or in the form of particle 

aggregates (flocs). In the aggregated forms, bacteria live embedded in a hydrated slimy matrix 

made up of extracellular polymeric substances (EPS) in the form of biofilms and protobiofilms 

(Verdugo, 2007; Verdugo and Santschi, 2010; Bar-Zeev et al., 2012; Elias and Banin, 2012). 

“Marine gel particles” is a term used to describe suspended bacterial aggregates that initiate 

biofilm formation when they become attached to surfaces, and which are found ubiquitously in 

the oceans (Bar-Zeev et al., 2012; Neukermans et al., 2016; Busch et al., 2017).  

Marine bacteria can impact nutrient cycling by secreting extracellular enzymes (ECE) (Azam, 

1998; Azam and Malfatti, 2007; Arnosti, 2011; Luo et al., 2017; Ivančić et al., 2018). These 

play a fundamental role in the hydrolysis of high-molecular-weight organics, forming low-

molecular-weight compounds that can be readily taken up by bacteria, and they can also affect 

the stability of MGP aggregates (Vetter and Deming, 1999; Hoppe et al., 2002; Lechtenfeld et 

al., 2015; Balmonte et al., 2016; Liu and Liu, 2018). As a result of their implicit role in the 

sequestration of carbon and its transfer to the deep ocean on sinking aggregates, MGPs and 

their associated bacterial ECEs have recently attracted a lot of attention (Karner and Herndl, 

1992; Grossart et al., 2007; Arnosti et al., 2012; Kellogg and Deming, 2014).  

Although many hydrolytic extracellular enzymes are produced by free-living bacteria and 

bacteria attached to marine aggregates, for instance chitinases and proteases (Smith et al., 1992; 

Traving et al., 2015; Baltar et al., 2017), information on the presence and diversity of 

deoxyribonucleases (DNases) in marine bacteria, especially those associated with aggregates, 

is absent.  

DNases catalyse the hydrolysis of deoxyribonucleic acid (DNA) by breaking down 

phosphodiester bonds (Nishino and Morikawa, 2002). Consequently, DNase is considered to 

have a pivotal role in DNA utilisation, horizontal gene transfer and nutrient cycling in the 

environment (Mulcahy et al., 2010a). In addition, extracellular DNA (eDNA) plays an 

important role in the formation and structure of biofilms (Whitchurch et al., 2002). Indeed, it is 

now considered a key structural component of the biofilm matrix (Tetz et al., 2009). eDNA 

plays a critical role in the attachment and stability of the biofilm matrix and DNases are now 

well recognised as agents that can effectively break up biofilms (Nijland et al., 2010; 
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Jakubovics et al., 2013; Shields et al., 2013; Okshevsky et al., 2015).  It is of considerable 

interest whether eDNA is also an important component of marine flocs, and if so, whether the 

secretion of DNases by floc-associated bacteria can affect the structural integrity (and sinking 

rates) of marine particles. The secretion of extracellular DNases has been reported in several 

species of marine bacteria such as Bacillus licheniformis (Nijland et al., 2010), Vibrio sp. 

(Maeda and Taga, 1976), Myroides, Planococcus, Sporosarcina and Halomonas (Dang et al., 

2009), although their precise role remains obscure. 

The well recognised availability of eDNA to serve as a source of nutrients in the oceans 

(Dell'Anno and Danovaro, 2005) might also explain the production of DNases by marine 

bacteria. However, little is known about the diversity of DNases produced by marine bacteria 

generally and in marine aggregates in particular. This study therefore examined the hypothesis 

that the production of extracellular DNases among marine bacteria is commonplace. The 

diversity of extracellular DNase production by free-living marine bacteria and by bacteria 

attached to aggregates was therefore examined. 

4.2.1 Aim and objectives 

The aim of this chapter is to investigate the diversity of marine bacteria producing DNase. This 

is accomplished by pursuing the following objectives: 

1. To isolate free living and aggregate-associated marine bacteria. 

2. To investigate the ability of the isolated marine bacteria to produce DNase. 

3. To identify the DNase-producing bacteria using 16S rRNA gene marker 

sequencing. 

4. To understand the phylogeny of marine DNase-producing bacteria.  

5. To investigate the nuclease gene distribution in the genomic DNA of the best   

isolate producing DNase.  
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 Materials and Methods 

4.3.1 Sampling sites  

Marine bacteria from seawater, sediments, MGPs and biofilm were isolated and investigated 

for nuclease production. Seawater and sediments were collected on 25/03/2015 and MGP was 

collected on 31/10/2016, from the North Sea, one-mile off the Northumberland coast 

(55o06.972 N, 1o25.600 W), using the Research Vessel Princess Royal. Surface seawater was 

collected from sea surface top 30 cm and at 5 m depth using polyethylene clean buckets and 5 

L Niskin bottles. Surface sediment was collected by a Van Veen sediment grabber in 50 m of 

water. Samples were transported in clean 5 litre Nalgene bottles, and stored at 4oC in a cold 

room until been processed within 24 hours. Marine biofilm bacteria were collected on 

25/08/2015 from intertidal zone rocks on Ras Alhamra beach in Muscat, Oman (23o38’20.8 N 

58o29’28.5 E). Samples were collected using sterile swabs (Sterilin, UK), and transported in a 

cool box for less than 2 hours until reaching the laboratory. Sampling details are shown in Table 

4.1. 

A batch of previously isolated and identified marine bacterial strains preserved in 50% glycerol 

and stored at -80oC (Burgess Group Culture Collection (BGCC); Newcastle University) were 

also used. 

Table 4.1 Sampling dates, location, and source of isolates. 
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4.3.2 Isolation of bacterial strains and growth conditions 

Isolation and purification of the marine isolates were carried out using marine agar 2216 

(Difco™ Marine Agar, BD, UK) and marine broth 2216 (Difco™, Marine broth BD, UK) under 

aseptic conditions. Bacteria were isolated from seawater by direct spreading onto marine agar 

plates. Sterile swabs were used to rub the sediments and the polycarbonate filters (PC) filters 

0.4-100 µm (MGP filtration process described in Chapter 2) and then streaked onto marine agar 

plates. Biofilm isolates were streaked as well directly from the swabs onto the marine agar 

plates. The preserved BGCC bacterial collection was propagated from glycerol stocks by 

streaking about 5 µl onto the marine agar. All isolates were incubated at room temperature 

(22oC).  Growth of the isolates was examined after 24-72 hours of incubation. Isolate colonies 

with a distinct morphology and colour were cultivated onto fresh marine agar plates to obtain 

pure single colonies. The colonies were further purified up to the fourth and fifth generations. 

All pure bacterial isolates were cultivated in marine broth at room temperature with agitation 

at 150 rpm using an orbital shaker. The overnight liquid marine broth cultures of isolates were 

preserved in 50% glycerol and stored at -80oC for further use.  

4.3.3 16S rRNA gene identification of DNase-producing bacteria 

Bacterial isolates were cultured overnight in 5 mL marine broth (Difco™ Marine Broth 2216, 

BD) with agitation at 150 rpm. Bacteria cell cultures (OD 1.8-1.9) were centrifuged at 10,000 

rpm for 10 minutes. The supernatant was removed and the bacterial pellets were extracted using 

a Genomic DNA mini kit (Invitrogen PureLinkTM, USA), following the manufacturer’s 

instructions. DNA extracts were checked by Nanodrop 2000 spectroscopy (Thermo-Fisher 

Scientific, USA). The 16S rRNA gene universal primers 27F (5’-AGA-GTT-TGA-TCC TGG 

CTC-AG-3’) and 1492R (5’-ACG-GCT-ACC-TTG-TTA-CGA-CTT-3’) (Eurogentec, 

Belgium) were used to bind with the target gene. The amplification was carried out with a 

thermocycler PCR (Bio-Rad). Prior to the PCR, a 50 µL reaction was prepared with 1µL of 

DNA and 1µL of each forward and reverse primer, mixed with 22 µL MyTaqTM Red Mix 2X 

(Bioline, Meridian Bioscience Inc., USA, www.bioline.com). The PCR reaction was made up 

to 50 µL with sterile MilliQ water. The PCR thermocycles were performed under the following 

cycling conditions: an initial denaturation step at 95°C for 1 minute, followed by 35 cycles of 

15 seconds at 95°C, 15 seconds at 55°C, and 10 seconds’ extension at 72°C. Gene sequences 

of isolates were sequenced using the Geneius laboratories service (Newcastle, upon Tyne, UK, 

http://www.bioline.com/
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http://www.geneiuslabs.co.uk), except for samples obtained from Oman, which were 

sequenced at the Central Analytical and Applied Research Unit (CAARU), Sultan Qaboos 

University, Oman. The 16S rRNA gene sequences were obtained in the ABI file format, edited 

in MEGA7, and converted to the FASTA format file. The edited sequences were aligned with 

the nearest sequences in the Basic Local Alignment Search Tool (BLAST, NCBI 

https://blast.ncbi.nlm.nih.gov/Blast.cgi). The matched sequences were compared to the 20 

nearest similar matches. Alignment and phylogenetic trees of positive nuclease-producing 

isolates were constructed following procedures described at: http://www.phylogeny.fr.  

4.3.4 MALDI TOF-MS identification  

Identification of non-DNase-producing marine biofilm bacteria obtained from the Omani coast 

of the Sea of Oman was by Matrix Assisted Laser Desorption Ionisation Time of Flight Mass 

Spectrometry (MALDI-TOF-MS, BRUKER, https://www.bruker.com) at CAARU. Pure single 

colonies at 12-24 hours were picked up from agar plates and placed directly onto the MALDI 

target plate to dry and be read.   

4.3.5 Examination of DNase production by the bacterial isolates  

Nuclease test for cultivable bacteria 

All purified isolates were investigated for DNase secretion by an initial test and the positive 

isolates were then further tested following the procedure described here. All purified bacterial 

isolates were examined for the production of DNase by streaking onto methyl green DNase test 

agar (Difco 263220, BD, UK) incubated for 24-72 hours at room temperature. This is an 

efficient and low-cost method for detecting the production of DNase that is based on a medium 

enriched with 2 g of DNA that binds to methyl green (positive charged dye binds to DNA). A 

positive reaction is indicated by colourless clear zones around the colonies of the tested isolates. 

Hydrolysis of the DNA occurs as a result of DNase secretion that breaks down the DNA-methyl 

green (Jeffries et al., 1957; Smith et al., 1969). Positive bacterial isolates producing nuclease, 

showing a halo around the bacterial colonies, were selected for further investigation with the 

bacterial supernatant test.  

https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.phylogeny.fr/
https://www.bruker.com/
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Well-diffusion method and bacterial filtered supernatant  

The agar well-diffusion method (Jatt et al., 2015) was employed for the supernatant deriving 

from DNase-positive bacterial isolates. Broth bacterial cultures were centrifuged at 7000 rpm 

for 5 minutes. The supernatant was filtered through 0.2 µm Millipore syringe filters (Sigma-

Alrdich, UK) to investigate extracellular nuclease production on the wells (Tredwell et al., 

2011). Wells of 5 mm were punched in the solid DNase agar plates by sterile 1000 µl tips, four 

wells per plate. Each well was filled with 100 µl of the DNase-positive isolate filtered 

supernatant. A negative control of marine broth and positive controls of Micrococcal Nuclease 

(MNase, stock concentration 2x106 gel U/ml) (New England Biolabs, Life Technologies) and 

NucB (0.65 µg/ml), a marine deoxyribonuclease from Bacillus licheniformis EL-34-6 (Nijland 

et al., 2010) provided by the Institute for Cell and Molecular Biosciences (Newcastle 

University, UK), were used in this analysis. MNase concentrations of 20, 200 and 2000 gel 

Unit/ml, and NucB concentrations of 0, 10, 100 and 1000 ng/ml were studied. The extracellular 

DNase activity is measured by the diameter of the halos surrounding the bacterial culture 

supernatants. The active bacterial supernatant with active nuclease production was tested for 

DNA digestion.  

Digestion of DNA by DNase active supernatant 

To characterise the activity of the positive bacterial supernatant against the DNA, a digestion 

test reaction was prepared in a total volume of 250 µL, containing 25 µL Calf-thymus DNA 

(CT-DNA of 1 mg/mL, Sigma Aldarich, UK), 12.5 µL MnSO4 (5 mM final concentration of 

100 mM stock), Mn2+ divalent cations to enhance nuclease activity (Philip et al., 2017) and 125 

µl Tris buffer (100 mM stock, pH 8). Ten µl of 0.2 µm filtered bacterial supernatant and controls 

were added separately, plus sterile MilliQ, to bring the mix to the final volume. After incubation 

at 37oC for 24 hours, 5 µl of each sample mix was mixed with 1 µl of blue 6x DNA loading dye 

(Thermo-Fisher scientific, USA). The digestion of DNA was monitored by 0.8% agarose 

(Sigma-Aldrich) gel electrophoresis and run for 45 minutes at 100V using a gel casting system 

(Vari-Gel Midi-System, Fisher Brand, UK). The gel was visualised with UV imaging (Bio-Rad, 

Gel Doc EZ system, UK). 

4.3.6 Genomic DNA sequencing for bacterial isolates with highest DNase production  

The marine isolate that showed the highest DNase production, AW2 was selected for the 

genomic analysis. The genomic DNA extraction was carried out using a DNA extraction kit 
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following the manufacturer’s instructions (Genomic DNA mini kit, Invitrogen PureLinkTM, 

USA). The genomic DNA purity was checked with a NanodropTM to maintain A260/280 > 1.8. 

The sequencing was performed at NUOMICS (Northumbria University, Newcastle upon Tyne) 

using the Illumina Nextera XT platform (Lahra et al., 2018), V2 chemistry and sequencing 

depth of 15Mb reads. The sequence files were received in FASTQ format. The sequence quality 

control (QC) checking was processed in GALAXY a bioinformatics web-based platform 

https://usegalaxy.org/. The assembly of the sequences was carried out in SPAdes 

(http://spades.bioinf.spbau.ru/release3.10.1/manual.html) with the help of Dr. Darren Smith, 

NUOMICS. Classification of the isolate was carried out with Basic Local Alignment Search 

Tool (BLAST, https://blast.ncbi.nlm.nih.gov/). Sequence annotation was performed in 

PROKKA (Cuccuru et al., 2014) via GALAXY.  

  

https://usegalaxy.org/
http://spades.bioinf.spbau.ru/release3.10.1/manual.html
https://blast.ncbi.nlm.nih.gov/
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 Results 

4.4.1 Classification of isolated marine bacteria  

In the present study, a total of 115 bacterial isolates were obtained from two different marine 

origins, the North Sea off the Northumberland coast and the coast of the Sea of Oman. A 

culture-based study was performed on free-living as well as aggregate-attached bacteria forms, 

from different marine niches, seawater, sediments, marine biofilm, and marine gel particles 

(MGP), in addition to the previously collected and identified isolates of the Burgess Culture 

Collection (BGCC) (Table 4.2). Twenty different isolates recovered from MGP aggregates 

from the North Sea and 23 marine biofilm isolates from the coast of Oman were investigated 

for DNase production (Table 4.2).  

Table 4.2 The number of isolated marine bacteria and their origin.  

 

The results showed that most of the bacterial isolates belong to Gammaproteobacteria (58%), 

followed by Actinobacteria (16%), Firmicutes (14%), Alphaproteobacteria (7%), Bacteroidetes 

(4%), and Betaproteobacteria (1%), as shown in Figure 4.1. Most of the bacterial isolates were 

classified into 20 different families dominated by Vibrionaceae (26.7%), followed by 

Bacillaceae (13.3%), Pseudoalteromonadaceae (8.6%), Alteromonadales (7.6%), and 

Micrococcaceae (6.7%) (Figure 4.2).    
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Figure 4.1 The classification of isolated bacteria at phylum level. Gammaproteobacteria is dominant, 

accounting for 58%, followed by Actinobacteria (16%). 

Moreover, the results illustrated that most bacteria that secrete DNase are affiliated to the family 

Vibrionaceae (26.7%), followed by Bacillaceae (13%) and Pseudoalteromonadaceae (8%) 

(Figure 4.2).   
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Figure 4.2 The classification of the isolated bacteria at family level. Vibrionaceae dominates, followed 

by Bacillaceae. 

As shown in Table 4.3, the identification of the isolates in this study was completed primarily 

by sequencing the16S rRNA gene. Sequences of the identified strains were available, deposited 

in GenBank NCBI (https://www.ncbi.nlm.nih.gov/genbank/) accession numbers MK599164-

MK599196. However, the non-DNase-producing bacteria from Oman were identified using 

MALDI-TOF as a cost cutting procedure. The non-DNase-producing isolates from the North 

Sea have not been identified (all preserved in 50% glycerol and stored at -80 in a freezer in 

Ridley Building 2, Newcastle University).  

https://www.ncbi.nlm.nih.gov/genbank/
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Table 4.3 The isolated bacteria tested for DNase activity on methyl green DNase test agar, DNase active (+), DNase inactive (-), the source of each strain 

(BGCC-CB = Cullercoats Bay, BGCC-AS = Arctic Sediment, BGCC-DSS = Deep Sea Sediment, BGCC-BB = Blyth Beach, BGCC-TR = Tyne Riverbank, 

BGCC-SSH = Seaton Sluice Harbour and BGCC = Burgess Group Culture Collection). Identification is based on 16S rRNA sequence similarities using online 

BLAST-NCBI. MALDI-TOF identification of non-DNase-producing isolates obtained from Oman. 
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4.4.2 Deoxyribonuclease (DNase) production by marine bacterial isolates 

The results show that nearly 33% (38 out of 115) of the investigated isolates displayed positive 

DNase activity, revealed by clear halos around the colonies as a result of DNA hydrolysis 

(Figure 4.4). The DNase-producing bacteria are dominated by the genus Vibrio (12 isolates) 

followed by Shewanella (6 isolates), then Bacillus and Pseudoalteromonas, which each account 

for 4 isolates, Serratia (3 isolates), Pseudomonas (2 isolates), Croceibacter (1), Sulfitobacter 

(1), Polaribacter (1), Rahnella (1), Terrabacter (1), Rhodococcus (1) and Microbacterium (1). 

Of the DNase-producing isolates belong to the genera Vibrio, eight were obtained from the 

bacterial biofilm from the coast of the Sea of Oman and 4 were obtained from the Omani coast 

(Table 4.3).  

The results of the MGP isolates showed that five isolates obtained from MGP were reported 

here for the first time to secrete DNase. These isolates belong to the families 

Pseudoalteromonadacea (2), Vibrionaceae (2) and Bacillaceae (1). 

A phylogenetic tree was constructed for bacterial isolates producing DNase based on partial 

16S rRNA gene sequences (sequence length about 800-1200 bp). The DNase-producing 

isolates of the BGCC (previously identified) are not included in the phylogenetic tree here as 

their sequences were not accessible. 

The phylogenetic tree showed the evolutionary relationships between 20 DNase-producing 

isolates (AW1, AW2, AW3, AW5, AW8, AW101, AW104, LB1, LB3, NB11, MB11, MB12, 

MB12Y, MB33, MB44, MB51, E3, F3, G22, and L3) and their closest matched bacterial 

species in BLAST, NCBI as presented in Figure 4.3. 
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Figure 4.3 Neighbour-joining phylogenetic tree based on partial 16S rRNA gene sequences showing the relationships between marine bacterial isolates producing 

DNase: AW1, AW2, AW3, AW5, AW8, AW101, AW104, LB1, LB3, NB11, MB11, MB12, MB12Y, MB33, MB44, , MB51, E3, F3, G22, L3 and their phylogenetic 

nearest neighbours (related genera or species). Asterisks  indicate potential new strains with high DNase activity. Scale bar represents 0.5 sequence similarity. 
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The DNase-producing bacteria were further characterised by testing the filtered supernatant 

from the bacterial overnight culture in DNase agar using a well agar diffusion technique. The 

zone of hydrolysis of DNA degradation was measured in millimetres to compare the DNase 

production capacity of the marine bacteria with standard nuclease enzymes (Figure 4.4). The 

data in Figure 4.5 show that the filtered supernatants of AW2 and AW3 had relatively higher 

DNase activity than the supernatants of G22, L3, LB1, NB21, and MB12. Meanwhile, the levels 

of DNase activity showed by the AW2 and AW3 filtered supernatants are comparable to high 

concentrations of MNase (2000 gel U/ml) and NucB (1000 ng/ml). This is indicative of high 

concentrations of DNase in the supernatants of AW2 and AW3.     

 

Figure 4.4  Zone of hydrolysis indicates DNase activity in the filtered supernatant of the bacterial isolates 

using a well diffusion method: (clockwise starting from top left corner) (A) AW3, 2000 gel U/ml, 200 

gel/ml, 20 gel/mml and (C) AW2, L3, G22 compared to (B) different concentrations of micrococcal 

nuclease MNase (0, 20,200, 2000 gel U/ml) and NucB (0, 10, 100 1nd 1000 ng/ml).  

As presented in Figure 4.5 the diameter of the clear halos around the wells indicates DNase 

hydrolysis of the DNA substrate in the methyl green DNase agar. AW2 and AW3 have the 

largest diameters: 22.7 mm and 22 mm respectively.    
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Figure 4.5. The diameters of the zone of hydrolysis of filtered supernatants of the DNase-producing 

bacterial isolates. AW2 and AW3 show comparable diameters to the positive control 2000 gel U/ ml 

MNase and 1000 ng/ml NucB. Error bar indicated ± standard deviation.  
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4.4.3 DNA digestion by bacterial supernatant  

The potent DNase producers in the well assay (AW2, AW3, G22 and L3) were selected for 

confirmation of extracellular DNase production by the DNA digestion method, monitored by 

gel electrophoresis. This tested the ability of the filtered supernatants to digest high-molecular-

weight DNA. The results revealed that the filtered supernatants of AW2 and AW3 displayed 

noticeable digestion on high-molecular-weight DNA (Calf thymus, 1 mg/ml) after 1 hour of 

incubation and complete digestion after 24 hours at 37oC, as shown in Figure 4.6. The filtered 

supernatant of G22 and L3 showed complete digestion of the DNA after 24 hours of incubation 

at 37oC.  

 

Figure 4.6. The activity of the bacterial supernatant against high-molecular-weight DNA (1 mg/ml Calf 

thymus). Lane 1, 1KB ladder as marker. Lanes 2, 3, 4 and 6 are filtered supernatants of bacterial isolates, 

AW2, AW3, G22, and L3 respectively. Lane 5, DNA, remained unaffected. Lane 7 and 8, NucB1 of 1 

ng/ml and NucB10 of 10 ng/ml. Lane 9, 2000 gel U/ml of MNase after incubation of (A) 1 hour and (B) 

24 hours at 37oC.  
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The supernatant of biofilm bacteria has not shown any DNA digestion as shown by gel 

electrophoresis (Figure 4.7).  

 

Figure 4.7 The activity of the bacterial supernatant of biofilm isolates from the coast of Oman against 

high-molecular-weight DNA (1 mg/ml Calf thymus). Filtered supernatants from the isolates did not 

show any digestion reaction against high-molecular-weight DNA (1 mg/ml).      

4.4.4 Genomic DNA of AW2 a prolific DNase producer 

The AW2 strain was the best DNase producers based on the diameter of the zone of hydrolysis 

on the methyl green DNase agar plates and from the DNA digestion assays. The genomic DNA 

extracted showed a bright band on the agarose gel. The sequencing resulted in a total of 323,751 

sequences, with sequence lengths of 35 to 251bp. GALAXY bioinformatics 

https://usegalaxy.org/ Quality control of the sequences resulted in < 30 PHRED, which means 

the probability of an incorrect base is 1 in 1000 and the base call accuracy is 99.9%. The 

sequence assembly of the genome contained 115 contigs of about 7 Mb in total. The 

classification of the isolate AW2 in BLAST has showed a 99.4 % similarity to Serratia 

marcescens.   

 

 

 

https://usegalaxy.org/
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4.4.5 Genes for nuclease enzymes in the genome of AW2 

The genome of bacterial strain S. marcescens (AW2) is about 5Mb in size (annotation statistics 

in Table 4.4), resulted in 43 annotated nuclease related enzymes including a variety of 

ribonucleases and deoxyribonucleases (the list of annotated nuclease genes and their functions 

are presented in Table 4.5). Furthermore, there are seven extracellular deoxyribonuclease genes 

present within the genome of AW2 including; Exodeoxyribonuclease III, Crossover junction 

endodeoxyribonuclease RuvC, Exodeoxyribonuclease 7 small subunit, Exodeoxyribonuclease 

7 large subunit, Exodeoxyribonuclease 8, Exodeoxyribonuclease 10, and 

Exodeoxyribonuclease I. These results indicating a widespread distribution of nuclease genes 

within the genome of AW2.     

 Table 4.4 Prokka annotation statistics of AW2 bacteria.   
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Table 4.5 Annotated nuclease genes of the AW2 genome and their functions based on UniProt databse https://www.uniprot.org/.    

 

https://www.uniprot.org/
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 Discussion 

Extracellular DNA and bacterial extracellular enzymes are ubiquitous in the ocean and play an 

important role in the cycling and fate of organic matter (Luo et al., 2017; Ivančić et al., 2018; 

Liu and Liu, 2018). However, knowledge regarding DNase diversity in marine bacteria in 

general, and in marine aggregates more specifically, remains rudimentary. DNase production 

has been reported in several bacterial species, including Serratia marcescens (Nestle and 

Roberts, 1969), marine isolates of Vibrio sp. (Maeda and Taga, 1976), Pseudomonas 

aeruginosa (Mulcahy et al., 2010a), Myroides, Planococcus, Sporosarcina and Halomonas 

(Dang et al., 2009) and Bacillus licheniformis (Nijland et al., 2010). In addition, there are some 

studies on DNase produced by the human pathogen Streptococcus (Porschen and Sonntag, 

1974; Palmer et al., 2012). However, most studies have focused only on individual cultivable 

species and the recombinant gene expression of nuclease genes (Cao et al., 2017). The diversity 

of DNase production by marine bacteria and aggregate-associated bacteria has not been 

addressed before. In this study, a culture-based method was used to highlight the diversity of 

isolated marine bacteria producing DNase.  

4.5.1 Deoxyribonuclease (DNase) production by marine bacteria  

This study is the first to identify DNase-producing bacteria from marine aggregates (isolated 

from MGP from the North Sea and marine biofilm from the coast of Oman). Overall, 33% of 

the isolated bacteria produced DNase, predominated by Gammaproteobacteria. This work 

indicates that DNase secretion is relatively common among diverse marine bacterial isolates 

and is greater in Gammaproteobacteria than in other classes. This is in agreement with Lennon 

(2007), who demonstrated the ability of marine bacteria, mostly Gammaproteobacteria (Vibrio, 

Pseudoalteromonas, Alteromanas), Alphaproteobactria (Roseobacter, Koriijomonas, 

Gwanyang) and Bacteroidetes (Flexibacter and Microscilla), to consume DNA as a nutrient by 

producing DNase enzymes. 

The production of DNase by Gammaproteobacteria has been studied in bioinformatics 

investigations and may be explained by the fact that Gammproteobacteria employ a nuclease 

bacteriocin (NB) defence mechanism (Parret and De Mot, 2002; Sharp et al., 2017). However, 

the results presented in this chapter confirm the common production of DNase among 
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Gammaproteobacteria in a culture-based study. This could be attributed to the fact that this is a 

dominant cultivable class of marine bacteria.  

Most of the bacteria that produced DNase in this study belong to twenty families, most of which 

are affiliated to Vibrionacea (26%). Vibrio employs extracellular nucleases for natural 

transformation and for defence to elude neutrophil extracellular traps like in Vibrio cholera 

(Blokesch and Schoolnik, 2008; Seper et al., 2013). The next highest cultivable family was 

Bacillaceae (13%). Bacillus are well-known enzyme producers (Lei et al., 2017; Parab et al., 

2017; Anjum et al., 2018) including extracellular DNase production, for example, NucB 

production by Bacillus licheniformis (Nijland et al., 2010). The results demonstrated that 8 % 

of the species produced DNase belong to Pseudoalteromonadaceae, which is known for its 

production of bioactive compounds and enzymes (Tutino et al., 2002; Zeng et al., 2006; de 

Pascale et al., 2008; Bian et al., 2012; Bhattacharya et al., 2018). A recent study of extracellular 

enzymes from marine cultivable bacteria from The New Britain Trench showed that 

Pseudoalteromonas produces various extracellular enzymes, mostly proteases and chitinases 

(García-Fraga et al., 2015; Liu et al., 2018). Another study on cultivable bacteria in Laizhou 

Bay, China, showed that Pseudoalteromonas was the most common cultivable genus producing 

extracellular proteases (Li et al., 2017). Moreover, Pseudoalteromonas have also been reported 

to produce nuclease bacteriocins (Desriac et al., 2010).    

In the current study bacteria associated with marine aggregates were investigated for DNase 

production for the first time. The results revealed that eight out of twenty isolates from MGP 

were able to produce DNase. These isolates belong to the families Pseudoalteromonadacea (3), 

Vibrionaceae (2), Bacillaceae (1), Shewanellaceae (1) and Halomonadaceae (1). Most of these 

families have been reported previously to produce DNase, but not when isolated from particle 

aggregate bacteria (Balabanova et al., 2017). Vibrio is the highest DNase producer in this study, 

obtained from different environments, the North Sea and the coast of Oman, from free-living 

and aggregated forms. Vibrio are prevalent marine bacteria that are able to alternate between 

free living (FL) and particle attached (PA), and form biofilms (Karunasagar et al., 1996; Nair 

et al., 2007; Yildiz and Visick, 2009). Extracellular enzymes from Vibrio (Maeda and Taga, 

1976; Bunpa et al., 2016) and extracellular agents and enzymes from Pseudoalteromonas citrea 

have been reported previously (Holmström and Kjelleberg, 1999; Roca et al., 2016; Yamada et 

al., 2016; Imbs et al., 2018), however extracellular DNase from Vibrio within MGPs have not 

been described previously. This can be explained by that Vibrio are possibly exploiting MGPs 

material by secreting DNase. In addition, there is evidence that Pseudomonas and Vibrio 

produce extracellular deoxyribonucleases to utilise DNA as a nutrient source, as well as 
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synthesising DNases for the horizontal gene transfer of DNA as part of natural transformation 

(Blokesch and Schoolnik, 2008; Mulcahy et al., 2010a).  

The finding that Vibrio atlanticus and Pseudoalteromonas citrea isolated from MGP produces 

DNase may implicate DNase in the dispersal of MGPs, based on the hypothesis that eDNA is 

a key component of MGP and plays a vital role in its structural integrity.  

Furthermore, extracellular enzymes produced by heterotrophic bacteria are a key player in 

organic matter cycling in the ocean (Azam and Malfatti, 2007; Rier et al., 2014; Balmonte et 

al., 2016; Burns et al., 2016) and bacterial extracellular enzyme activity in aggregates was 

reported to be two orders of magnitude higher than in free-living bacteria (Smith et al., 1992; 

Grossart et al., 2006; Ziervogel et al., 2010; Kellogg and Deming, 2014). These extracellular 

enzymes are thought to be involved in the dissolution of MGP and marine snow (D'ambrosio 

et al., 2014; Balmonte et al., 2016; Luo et al., 2017; Baltar, 2018; Ivančić et al., 2018). 

However, the effect of DNase is understudied with regard to its implications for MGP and 

marine snow dispersal.  

Additional studies are required to observe the production of DNase in situ. However, our results 

of cultivable isolates revealed various bacteria that secrete DNase. The versatile ability of 

marine isolates to produce DNase suggests that they play an important ecological role in 

extracellular DNA degradation in the marine environment. The present study provides data on 

DNase production by marine cultivable bacteria associated with MGPs for the first time and 

hence provides insight into the diversity of extracellular enzyme production by marine bacteria 

(Al-Wahaibi et al., 2019). Moreover, the diverse nuclease genes present within the genome of 

the sediment isolate Serratia marcescens (AW2) may suggest ecological importance of 

nucleases in the seafloor niche.      
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 Conclusions 

This study has highlighted the following outcomes: 

1. About 33% of the isolated bacteria obtained from free-living and MGP associated 

isolates from the North Sea and the Sea of Oman were identified as nuclease producers, 

and most of them belonged to diverse genera. 

2. This is a first study to show DNase secretion by cultivable MGP associated bacteria.  

3. The sediment isolate AW2 that produced high levels of secreted nucleases was 

identified as Serratia marcescens. 

4.  Based on the genome sequencing of S. marcescens, it contains 43 diverse nuclease 

genes including 7 extracellular deoxyribonuclease genes.  

5. The findings demonstrate the ecological role that bacterial DNase may play in the 

bacterial community of various marine niches.  

6. This study highlights the diversity of DNase-producing marine bacteria, as 

representative isolates from several distinct bacterial genera recovered were able to 

produce DNases. There is a great need to understand the diversity of marine bacteria 

that produce extracellular nucleases as this can increase our knowledge of the role of 

bacterial nucleases biogeochemical processes and MGP dynamics in the ocean. 
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 General Discussion and Future Directions 

 Introduction  

In spite of the importance of MGPs that resides in the fact that they are a vertical vehicle of 

carbon flux into the deep ocean and as an important component of the global carbon cycle and 

in the sedimentation of marine aggregates, little is known yet about the precise biochemical 

composition of MGPs. This study has begun to characterise the biochemical composition of 

MGPs by looking at the presence of eDNA and their associated bacterial communities. As this 

has not been recognised previously and would be of integral implication to the MGP dynamics. 

However, eDNA is recognised as an important component in the coherence of bacterial 

aggregates, specifically biofilms (Suzuki et al., 2009; Okshevsky and Meyer, 2015; Vorkapic 

et al., 2016). Likewise, it may play a similar role in MGPs and flocs in the ocean. Moreover, 

the ecological aspects of the bacterial interaction within MGPs, such as foraging on the matrix 

constituents and expelling extracellular material into the particle milieu, have not been well 

explored in the context of gel organic matter and bacterial interactions. As bacterial 

communities live attached to the MGP, consuming the compositional materials and expelling 

extracellular materials including eDNA, into the MGP microenvironment, implies that there 

may be bacterial communities within the MGPs that might also utilise eDNA.  

 Main findings  

5.2.1 The isolation of MGPs in water suspension 

In Chapter 2, a method was developed for the first time to isolate MGPs in suspension in a small 

volume of water. This permitted access to concentrated particles and allowed a comprehensive 

insight into the three-dimensional structure of the particles and the way they behave in their 

natural habitats. Current studies in the literature on MGPs and the vast majority of studies on 

organic matter (OM) in aquatic systems carry out investigations using filters (Alldredge et al., 

1993; Passow and Alldredge, 1994; Passow and Alldredge, 1995; Villacorte et al., 2015). Here 

the MGPs are filtered onto filter paper and generally studied biochemically while still attached 

to the filter paper. Another widely used method for the study of TEPs is staining with Alcian 

blue dye by using filter-transfer-freeze (FTF) and fixing them on glass slides (Hewes and Holm-

Hansen, 1983). Recently, a FlowCAM technique has been used to investigate TEPs based on 
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online in-situ quantifications (Thuy et al., 2017). Hitherto, gel particles have been studied either 

by using microscope imaging or by the conventional staining-based methods. Regardless of the 

benefits of these methods, their limitation, as evidenced by the current investigations into 

MGPs, is that the particles have to be fixed. Fixing the particles would hamper the fulfilment 

of the current study’s aim, which is investigating MGPs in their fully intact three-dimensional 

structure for a careful spatial characterization of natural particles. Therefore, the isolation and 

resuspension of MGPs concentrated in a small volume has enabled a holistic visualisation of 

the MGPs by confocal laser scanning microscopy (CLSM) and the use of particles in different 

experiments.  

Bar-Zeev et al. (2012) have studied the TEP as biofilm initiator on reverse osmosis membranes 

of desalination plant by using real-time microscopy to detect the particles in a flow cell 

experiment and employing SYTO-9, Con A and Alcian Blue. Although there is some similarity 

in the stains implemented and in visualising the particles in real time in-situ and in full structure 

of the current study. However, the results presented here have totally established a novel 

approach by isolating the particles and suspend it in smaller volume (5 mL) of new fresh sterile 

artificial seawater. Additionally, our current results have combined SYTO-9, TOTO-3 and Con 

A in order to differentiate between extracellular DNA (TOTO-3) and intracellular DNA 

(SYTO-9).    

5.2.2 The co-occurrence of eDNA and DNase in the MGP 

The most remarkable result to emerge from this study is that it has provided the first evidence 

of the presence of eDNA in natural MGPs and in the Pseudoalteromonas atlantica EPS a 

marine floc model. Labelling the eDNA with fluorescent dyes in the MGPs’ has illustrated that 

eDNA is present within the MGP matrix, as proven by the results of this study in Chapter 2. 

This is an important milestone contributing to the understanding of the biochemical 

composition of the MGPs that haven’t been found elsewhere. As previously reported the gel 

particles composition was limited to acidic polysaccharides and/or protein particles (Alldredge 

et al., 1993; Long and Azam, 1996; Neukermans et al., 2016; Pinu and Villas-Boas, 2017). This 

current result may now be elucidated by the fact that eDNA is an abundant biomaterial in the 

ocean with important ecological functions for the marine environment for example, in 

preserving genetic diversity (Paul et al., 1987; Dell’Anno et al., 2002; Dell'Anno and Danovaro, 

2005; Corinaldesi et al., 2014; Collins et al., 2018; Corinaldesi et al., 2018). In addition, the 

occurrence of eDNA in the oceans in various quantities that can reach up to 22 µg L-1 in anoxic 
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deep sea (Corinaldesi et al., 2005; Corinaldesi et al., 2007), 15 µg L-1 in coastal waters (Deflaun 

et al., 1987) and 44 µg L-1  in estuarine (Paul et al., 1989). Hence, the higher quantities of eDNA 

in the oceans are found to be in sediments in comparison to the water column (Dell'Anno and 

Danovaro, 2005). This can now be explained by that the eDNA is may also transported with 

the marine sinking aggregates. Recently, a study has reported that the microbiome of the ocean 

surface is linked to the deep communities as a result of sinking particles transporting the genetic 

material like DNA (Mestre et al., 2018). Therefore, the ample eDNA in marine sediments is 

assumed now to be mobilising with marine snow aggregates alongside with the carbon flux and 

playing vital unidentified roles, that yet need to be further explored.  

Furthermore, the observation of eDNA within the MGPs in this study, as well as it is 

pronounced availability in the ocean, as explained earlier, may support the assumption of the 

sticky nature of eDNA and its ability to act as adherent material (Seeman, 2007; Vilain et al., 

2009; Kirkpatrick and Viollier, 2010) that enable attachment or adsorption to form aggregates 

with marine organic matter (Lorenz and Wackernagel, 1992; Nielsen et al., 2007). One possible 

notion is that the eDNA of the seawater may stick to the MGPs. A second likely assumption is 

that the PA microbiome is the source of eDNA as a result of their ecological activities in the 

MGP microenvironment like the intense colonisation that requires EPS production that could 

facilitate adhesion to gel particles (Yawata et al., 2014). It is already reported that some 

bacterial cultures flocculation is due to EPS agglomeration properties (Sun et al., 2017b). 

Additionally, there is reports on the presence of extracellular nucleic acids; DNA and RNA that 

causes aggregation in Rhodovulum sulfidophilum cultures (Watanabe et al., 1999; Suzuki et al., 

2009). Further, Suzuki et al. (2009) have also proved that the R. sulfidophilum flocs stability is 

retained as well by nucleic acid presence. eDNA is a known cell-to-cell communicating 

molecule in Pseudomonas aeruginosa biofilms (Nemoto et al., 2003; Allesen‐Holm et al., 

2006). Thus far, all these evidences are all in association to bacterial cultures and no evidence 

yet reported on eDNA effects on MGPs structure stability.  

Commonly, bacterial EPS is studied as part of surface-attached biofilms (Sun et al., 2017b; 

Deng et al., 2018; Nagaraj et al., 2018). The common feature of marine gel flocs and biofilms 

is that their basic hydrogel EPS composition is similar, especially the eDNA, regardless of the 

possible variation in some other constituents (Deng et al., 2018; Xu et al., 2019). Additionally, 

marine gel particles have a natural ability to clump and form bigger aggregates contributing to 

the sedimentation sink to the ocean floor (Chin et al., 1998; Engel, 2004). Further, the 

flocculation behavior of the bacterial aggregates in the oceans resembles the biofilm formation 

(Watanabe et al., 1999; Suzuki et al., 2009) and the soft biofloc formation in wastewater and 
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water desalination treatments reviewed by Tansel (2018). Moreover, marine bacteria like 

Sagittula stellate and Cyanobacteria have been reported to contribute in the aggregation 

processes of dissolved organic matter (DOM) (Ding et al., 2008; Lama et al., 2016). Whereas, 

Pseudoalteromonas spp. EPS have shown to enhance chitin particles aggregation (Yamada et 

al., 2013; Yamada et al., 2016). Therefore, the eDNA can possibly affect the strength of the 

MGPs as in surface biofilms (Whitchurch et al., 2002; Das et al., 2010). Taken together, these 

results may also suggest that eDNA would contribute to the characterisation of the POM form 

as recalcitrant or labile by affecting their resistance to decomposition and thus their residence 

time of organic matter in the ocean. 

Furthermore, the MGPs specifically TEP are involved in biofilm initiation of marine structures 

like reverse osmosis membrane (RO) of desalination plants (Bar-Zeev et al., 2009; Bar-Zeev et 

al., 2012). Further, the term “protobiofilm” is introduced as planktonic version that is similar 

to the surface attached biofilms (Bar-Zeev et al., 2012). Resemblance of the MGP and biofilms 

be in their composition that is made up of hydrogel, in their sticky character, in their affinity to 

be colonised by bacteria reviewed in Bar-Zeev et al. (2015).  

However, there is some evidence that bacterial communities of the marine sediments are using 

DNA as a source of energy (Wasmund et al., 2019). Marine Roseobacter Clade of coastal 

surface marine waters are reported to exploit dissolved DNA as a source of carbon (Taylor et 

al., 2018). This could be attributed to the ability of diverse bacteria to exploit the available 

forms of DNA in the oceans (Lennon, 2007).  

On the other hand, this present study has also confirmed in Chapter 2 the presence of eDNA in 

the EPS of P. atlantica, the marine bacterial floc model. The possible interference of this is that 

eDNA may be released with the bacterial EPS flux. This is advantageous step in further 

unraveling of the nature of bacterial EPS of P. atlantica as a suspended biomaterial in the water 

column. In accordance with this current result, previous studies have demonstrated that DNA 

is released via active release in membrane vesicles of some environmental bacteria as such 

marine cyanobacteria Prochlorococcus, Alteromonas, Salinicola and Thalassospira (Biller et 

al., 2014; Biller et al., 2017). Pseudomonas aeruginosa is also reported to consume DNA as 

nutrient by secreting extracellular DNase (Mulcahy et al., 2010b).     

The co-occurrence of eDNA and DNase as antipodes are accentuated here by the outcomes of 

the current study. It was hypothesized in Chapter 3 that eDNA presence in MGPs milieus 

necessitate bacterial communities to encode DNA metabolism. Demonstrating a functional 

capability of the bacterial community to meet the substrate availability. Both the bioinformatics 

approach in Chapter 3 and the culture-based study in Chapter 4 has displayed concurring results 
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of the MGP bacterial communities’ potential encoding nuclease genes and isolates secreting 

DNase. Presumably eDNA and DNase are thus playing antagonistic roles by which affecting 

the MGP integrity. There are 75 putative nuclease genes encoded by the MGP associated 

bacterial community as the bioinformatics investigation showed. It seems that nucleases are 

highly present in the bacterial community. In addition, the culture-based approach of the MGP 

bacterial isolates illustrated that species belong to Pseudoalteromonadacea, Vibrionaceae and 

Bacillaceae families have revealed DNase secretion.  

The interaction of the bacterial communities within gel particles involves the secretion of 

extracellular enzymes, as discussed in the previous chapters, suggesting that it may have a key 

implication for the dissolution of gel particles and marine carbon cycling in the ocean (Huston 

and Deming, 2002; Arnosti, 2011; Kellogg et al., 2011; Arnosti, 2014; Arnosti et al., 2014; 

Kellogg and Deming, 2014; Lechtenfeld et al., 2015; Luo et al., 2017). Microbial extracellular 

enzymes in the ocean present attached to bacterial cells or dissolved in the water are both may 

excrete implications on organic matter stability (D'ambrosio et al., 2014).  Marine snow bacteria 

hydrolyses the organic matter by extracellular enzymes that are regulated by quorum sensing 

(QS) (Hmelo et al., 2011; Jatt et al., 2015; Krupke et al., 2016). However, the extracellular 

enzymes associated with marine snow aggregates are getting more attention (Balmonte et al., 

2016). Several microbial extracellular enzymes have been reported with marine aggregates; 

laminarinase (Arnosti et al., 2012) and bacteria degrading phosphonate, which is associated 

with DOM (Sosa et al., 2017). Conversely, there are no reports describing bacterial DNase in 

PA and their effect on particles integrity and dissolution. The results of the current study as 

presented in Chapter 4 highlighted the marine bacterial isolates that produced DNase that was 

accomplished with a culture-based technique. This is the first study to show the ability of PA 

bacterial isolates of MGPs to secrete DNase (Al-Wahaibi et al., 2019). This early step leading 

discovery is a crucial finding that contextualize extracellular DNases with MGPs and ocean 

carbon cycling. This indicates the potentially important role that DNase might play in the gel 

particle and marine snow cycling dynamics in the ocean. This has not been underlined 

elsewhere and offers an increase in the knowledge of oceans microbial extracellular enzymes 

and their implications on particles cycling. Particle attached (PA) bacteria employ specific 

extracellular enzymes to utilise components within the particles (Smith et al., 1992; Ziervogel 

et al., 2010; Arnosti et al., 2012). Furthermore, this current study investigated the production 

of extracellular DNase by marine free- living (FL) and PA bacteria. The presence of eDNA as 

a substrate might trigger the production of the nuclease enzymes for bacterial utilisation, as in 

hydrolytic enzyme regulation (Boetius and Lochte, 1994; Boetius and Lochte, 1996; Arnosti et 

al., 2014).   
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5.2.3 The composition and potential functional capabilities of the bacterial 

community associated with MGPs  

Bacterial communities attached to MGPs and their associated metabolites are driving alterations 

in the biogeochemical cycles of the ocean and they play a role in shaping the function of the 

sinking particles and larger accumulations designated ‘marine snow’ (Azam and Malfatti, 2007; 

Balmonte et al., 2016; Luo et al., 2017). Therefore, the study of bacterial communities 

associated with marine particles is important as it will enable a better understanding of the 

putative role of bacteria and through identifying encoded metabolites. This could have 

important ramifications in predicting the fate of the MGPs.  As microbial communities are one 

of the main factors of particles degradation and carbon turnover in the ocean (Enke et al., 2018; 

Enke et al., 2019). Prior studies on the bacterial communities associated with MGP and marine 

aggregates all focused on their composition. Here in our current study we investigate the 

functional diversity of the bacterial community associated with MGPs. The results have pointed 

to the dominance by particle degrades taxa like Firmicutes, Alphaproteobacteria and 

Gammaproteobacteria (Dang et al., 2009; Teeling et al., 2012b). The presence of these bacteria 

presumably associated with featured metabolomics functions. However, the functional 

investigations are based on the match with encoded gene rather than expression and production 

(Ferrer et al., 2018).   

Irrespective to the diversity of this community, the functional capabilities remained similar 

across all size fractions, which illustrates a functional redundancy. This is unexpected and 

possible may be explained by that the same taxa are inhabiting the particles all the year round. 

Another possible reason may be that the phylogenetic identification of the OTUs was based on 

the sequencing of the 16Sr RNA marker gene that may limit the functions to this site of the 

genome (Sevigny et al., 2019). While the search for functional capabilities have been based on 

broader search in databases of genomes of cultivable bacteria (Shamim et al., 2019). Hence, 

this probably insufficient to get insight into all functional capabilities. This is supported by the 

study of a microbial community of seafloor aquifers (Louca et al., 2018; Tully et al., 2018). 

However, a recent study has denied the notion of functional redundancy in marine microbial 

communities (Galand et al., 2018). This is therefore provoking a debate on the functional 

redundancy of microbial communities.  
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5.2.4 The presence of nuclease genes in the genome of marine sediment bacteria 

Serratia marcescens  

The short genome sequence of the prolific marine bacteria DNase producer AW2 identified as 

Serratia marcescens, isolated from the North Sea, revealed a high distribution of various 

nuclease genes within the genome. This wide distribution may suggest a high production of 

DNase. However, while this production was observed on the methyl green DNase agar plates, 

it is not necessarily the same in situ as high concentration substrate availability and/or some 

environmental conditions could affect the secretion (Küchler et al., 2016). Transcriptomic and 

transproteomic studies are therefore required to fully characterise the actual activity and 

secretion behaviour of the DNase in situ. The sea bottom is known to contain high levels of 

DNA in the sediments (Dell'Anno and Danovaro, 2005; Torti et al., 2015; Torti et al., 2018). 

This may explain why numerous nuclease genes are present in the genome of S. marcescens 

that was isolated from sediments. Although S. marcescens are a very well-known for nuclease 

production (Benedik and Strych, 1998; Vafina et al., 2018), it has not been reported among 

bacteria that consumes DNA (Lennon, 2007; Wasmund et al., 2019). In addition, it is presence 

with the sediments might be linked to the abundant eDNA pools in the sediments that was 

exported by MGP aggregates (Pietramellara et al., 2009; Guardiola et al., 2015; Nagler et al., 

2018a).  
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 Limitations of the study 

Although the current study has provided some useful insights into the composition of MGPs 

and developed a strategy to produce an MGP floc model from Pseudoalteromonas atlantica 

EPS, there are still more areas to explore in this realm by overcoming the following limitations.    

1. There is a lack of techniques that help with the serial filtrations and separation of MGPs, 

mainly due to the fact that these gel pools are always studied on filters. In addition, the 

filtration process applied here required frequent filter changing, which may cause an 

undetectable loss of particles.  

2. The inability to stain the gel particles simultaneously by Alcian Blue and Coomassie 

Brilliant Blue for the initial conventional classification of the type of particles.  

3. There have been attempts to measure the number of MGPs present in 5 ml water 

suspension as the particles concentrated. Efforts to use a flow cytometer (core facility 

at Newcastle University) were hindered by the rapid growth of the gel particles, as they 

naturally tend to coagulate. The flow cytometry instrument was not able to take these 

particles as the rapidly aggregating particles could block their capillaries. Another 

attempt was made to use dynamic laser scattering (DLS) instrumentation, which is 

widely used to measure growing particles sizes (Chin et al., 1998; Ding et al., 2008; 

Shiu et al., 2014). However, the unavailability (at Newcastle University) of this 

instrument within the size range of up to 300 µm hindered the endeavour to obtain data 

on MGP size measurements and aggregate size increase.    
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 Conclusions  

The studies carried out in this thesis have provided original contributions to the knowledge of 

the characterisation of MGPs and the Pseudoalteromonas atlantica marine floc model.  

1. In this study, a new method has been developed to isolate MGPs in a small volume of 

liquid suspension, imitating their natural occurrence in the ocean, but in a concentrated 

state. This has been done for the first time here for MGPs of 0.4-100 µm.   

2. One of the most significant findings to emerge from this study is that the structural 

composition of MGPs and the P. atlantica floc model comprises eDNA. This is a 

remarkable finding to be added to the global perception of MGPs’ ecological role in the 

ocean. The presence of eDNA would answer further questions about the dynamics of 

MGPs aggregation in the ocean. 

3. This study provided insights that facilitated a better understanding of the composition 

of the bacterial community attached to MGPs. Diverse bacterial taxa inhabit different 

MGP size groups and encode various putative metabolic pathways that vary between 

spring and summer.     

4. Another obvious finding from the current study is the secretion of DNase by marine 

bacteria isolated from MGPs for the first time. This finding points to a potential 

implication of DNase within the MGPs’ micro-niche.    

5. The best DNase producer of the bacterial isolate from the North Sea sediments AW2 

identified as Serratia marcescens. It is genome contains 43 nuclease genes including 

seven extracellular deoxyribonuclease genes.   
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  Future work perspectives  

Although this current study has provided a useful new insight into the presence of eDNA in the 

matrices of MGPs and the particle model of P. atlantica, applying two specific eDNA stains 

(YOYO-1 and TOTO-3), the mechanisms by which extracellular DNase degrades MGPs 

remain largely unknown. Therefore, several suggestions for future research are listed below.  

1. Investigating the presence of eDNA in MGPs produced by bacteria and diatoms in large-

scale studies in a microcosm, as well as understanding the occurrence of eDNA in other 

organic matter and marine snow from different depths of the ocean.  

2. Further spatial and temporal exploration of the MGP size fractions in bacterial 

communities is required, as well as detailed profiling of their composition using a 

shotgun metagenome.  

3. There is abundant room for further progress in determining the precise functional 

properties of MGP-associated bacteria using a multi-omics investigation that involves 

metatranscriptomics, metatransproteomics and metabolomics (Jansson and Baker, 

2016). 

4. Conducting a transcriptomic study of the DNase production of the AW2 strain marine 

bacteria.  

5. Further research should be undertaken to investigate the potential role of bacterial 

DNases in the structural integrity of MGPs and their dynamics, as the degradation of 

the eDNA may be a key step in the turnover of marine organic matter. 

6. Investigating the in-vitro role of eDNA in MGP aggregation. We have provided 

preliminary results (see Appendix A).   

7. Investigating the biotechnological application of marine bacterial extracellular DNase, 

specifically for biofilms caused by MGPs on reverse osmosis (RO) membrane of 

desalination plants. 
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Appendices  

Appendix A 

I. The effect of nucleases on the disintegration of natural MGPs 

DNase I against Natural MGPs 

 

Figure 1 The first observations of the effect of DNase I on natural MGP 0-24 hours (A) and after 120 

hours (B).  Scale bar represents 50 µm. 

 

 

Figure 2 MATLAB analysis of marine aggregates incubated in sterile MilliQ water as a control 

(A) and in DNase I (B).  
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Figure 3 Filtered seawater at 0.4 µm incubated with bacterial DNA 1 mg/ ml.     

 

1. MNase against natural MGPs  

A time-lapse image using CLSM (Leica SP8) was acquired to investigate the dispersal 

of MGP by the addition of MNase (2x 106 gel U) at 37oC. This resulted in no change in 

the particles over the 18-hour experiment. This would be due to deactivation of the 

enzyme by seawater salts.   

2.  MNase against Pseudoalteromonas atlantica EPS 

Preliminary results of the effect of MNase on the dispersal of P. atlantica EPS 

aggregates. 
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Figure 4 P. atlantica EPS (MGP model) in artificial seawater incubated with C0= no enzyme 

and C1= 200 gel U/ ml (A) and P. atlantica EPS (MGP model) incubated in 0.2 µm filter sterile 

MilliQ water with C0= no enzyme and C1= 200 gel U/ ml.  

 

 

Figure 5 P. atlantica EPS (MGP model) incubated with: E0= MilliQ water, E1= MNase 2x106 

gel U/ ml, E2= G22 (supernatant of DNase active bacteria isolated from MGPs), E3= X2 

(supernatant of DNase active bacteria isolated from MGPs), E4= AW2 supernatant of DNase 

active bacteria isolated from marine sediments, E5= P. atlantica in 0.2 µm filter sterile MilliQ 

water.  

 

 

 


