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Abstract 

Marine bacteria are ubiquitous in the world’s oceans, contributing significantly to food webs 

and global biogeochemical cycles. Characterising the distribution and drivers of bacterial 

diversity is key to understanding their important roles in the marine ecosystem. This thesis 

characterised the diversity and drivers of bacterial communities in the euphotic zone from 1 

mm to 250 m below the sea surface, covering a range of marine environments from the 

coastal and shelf seas to the open ocean, including biogeochemically important habitats such 

as the sea surface microlayer. Bacterioplankton communities vary seasonally and over local 

and global scales, in response to prevailing environmental characteristics. Using a 

multidisciplinary approach, interrogating 16S rRNA gene high-throughput sequence data 

with co-occurring physicochemical metadata has revealed that, in addition to the major 

overarching drivers of temperature and primary production, physical processes such as 

atmospheric deposition, mixing, and stratification can also influence the composition of 

bacterial communities and their vertical distribution in the water column. Enrichments of 

ecologically important bacteria such as Alteromonas sp. and Trichodesmium sp. in the sea 

surface microlayer have potential to influence the availability of resources arriving into the 

open ocean from the atmosphere. Using 16S rRNA transcripts to characterise active 

bacterioplankton communities has revealed that bacterioplankton activity is decoupled from 

abundance throughout the Atlantic Ocean, and may be influenced by the dominant primary 

producers. Furthermore, by combining culture-based techniques with functional amplicon 

sequencing, the physiological effects of CO-oxidation on the model bacterioplankton R. 

pomeroyi and a diversity of CO-oxidising bacterioplankton among the ecologically 

important Marine Roseobacter Clade in a temperate coastal environment have been 

identified. This thesis improves our understanding of bacterial ecology in the world's oceans, 

and demonstrates how holistic approaches to studying marine bacteria in the environment 

used in combination with molecular tools, can give a view of marine ecosystem function. 
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General Introduction  
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1.1 Marine bacteria 

Bacteria are globally ubiquitous and estimated to have a total biomass of 70 Gt carbon (C), 

with pelagic marine bacteria (bacterioplankton) equating to 1.3 Gt C (Bar-On et al., 2018). 

Occupying the majority of the earth's surface, marine bacteria are billions per litre, having 

fundamental roles in global biogeochemical cycles, including driving transformations of 

organic and inorganic material (Azam et al., 1983, Falkowski et al., 1998, Azam and 

Malfatti, 2007).    

Marine bacteria can broadly be divided into two main trophic categories based on 

their metabolism. Autotrophs are bacteria that gain energy from inorganic sources and can 

fix inorganic carbon. The majority of planktonic autotrophic marine bacteria are phototrophs 

and gain energy and carbon via photosynthesis (Partensky et al., 1999). Autotrophic marine 

bacteria contribute substantially to the marine carbon cycle (Hagström et al., 1988), with 

Cyanobacteria such as Prochlorococcus and Synechococcus responsible for 25 % of global 

net primary production (Flombaum et al., 2013). Heterotrophs are bacteria that gain both 

energy and carbon from organic substrates, and are estimated to consume a large proportion 

(10-50 %) of the total fixed carbon (secondary production) (Fuhrman and Azam, 1982). 

Bacterial secondary production contributes significantly to marine food webs and 

biogeochemical cycles (Azam et al., 1983, Ducklow, 2000, Azam and Malfatti, 2007).  

Assigning trophic categories to marine bacteria is in reality more complex because 

in between full autotrophy and full heterotrophy are a range of bacteria that employ mixed 

strategies of energy and carbon acquisition (figure 1.1) (Eiler, 2006, Moran, 2015). 

Examples of strategies used by heterotrophs to obtain energy that deviate from full 

organoheterotrophy include photoheterotrophy, the acquisition of energy from light, and 

chemolithoheterotrophy, the acquisition of energy from inorganic substrates such as carbon 

monoxide (CO). Currently we know relatively little about the ecology of these alternative 

heterotrophic strategies in the marine environment but ‘resourceful’ heterotrophs such as the 
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carboxydovores (CO-oxidisers) are likely to change the way we view the marine carbon 

cycle (Moran and Miller, 2007). 

Around 20% of coastal marine bacteria identified in the Global Ocean Survey 

metagenome data set are able to oxidise CO (Rusch et al., 2007), and the coxL Form I gene 

which encodes the large subunit of carbon monoxide dehydrogenase, is prevalent amongst 

ecologically relevant and ubiquitous bacteria such as the Marine Roseobacter Clade (MRC) 

(Tolli et al., 2006, Cunliffe, 2011). Bacterial CO-oxidation has potential to significantly 

contribute to the marine carbon cycle because CO produced by the photodegradation of 

dissolved organic matter is oxidised to carbon dioxide (CO2) which equates to approximately 

70 Tg of C per year (Zafiriou et al., 2003) that is available as CO2 for primary production 

(figure 1.2).  

Unlike carboxydotrophs that can grow autotrophically on CO, carboxydovores are 

chemolithoheterotrophs and cannot fix the resulting carbon, and must still acquire 

assimilatory carbon from organic substrates (King, 2003). However, trophic strategies, such 

as carboxydovory, come at a cost to marine bacteria (e.g. gene maintenance, protein 

synthesis), and therefore, must provide a benefit to the population in the long term (Eiler, 

2006). It is hypothesised that CO is a supplementary energy source used by marine 

carboxydovores (King, 2003, Moran et al., 2004), presumably allowing for more efficient 

heterotrophic growth on the available organic substrates (Moran, 2015), however, this is yet 

to be shown empirically. 
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Figure 1.1. Categories of energy and carbon acquisition by bacteria in oxygenated seawater 

modified from Moran (2015). 
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Figure 1.2. Illustration of the global marine carbon cycle including photochemically mediated carbon monoxide cycle. Carbon reservoirs are shown 

as rectangular blocks and sizes are in units of gigatons (Gt) of carbon. Flows between reservoirs are indicated by arrows and sizes are in units of 

gigatons (Gt) of carbon per year. Values are derived from Denman et al., (2007), King and Weber, (2007), Jiao et al., (2010) and Bianchi, (2011).  
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1.2 Geographical distribution and diversity of marine bacteria 

Marine bacterial communities generally consist of a few dominant and many rarer taxa 

(Rappe et al., 2000, Zinger et al., 2011, Pedros-Alio, 2012, Sunagawa et al., 2015). It was 

previously hypothesised that the majority of marine bacteria should be universally 

distributed throughout the global ocean with little variation in community composition due 

to the lack of geographical barriers and large potential for dispersal (Hagström et al., 2000, 

Fenchel and Finlay, 2004). Since the development of culture independent methods, a large 

diversity of marine bacteria have been identified (DeLong and Pace, 2001, Doney et al., 

2004, Karl, 2007) and contrary to this theory, the composition of bacterial communities has 

been shown to vary geographically (Pommier et al., 2007, Fuhrman et al., 2008, Zinger et 

al., 2011, Sunagawa et al., 2015).  

Similarity between distant bacterial communities often occurs between similar 

ecosystem types, suggesting that prevailing environmental factors impact bacterial 

communities and therefore influence the geographical distribution of marine bacteria (Zinger 

et al., 2011, Sunagawa et al., 2015). The global seed bank theory suggests that the observed 

changes in community composition for a given ecosystem are driven by changes in the 

relative abundance (i.e. the number of reads as a percentage relative to the total number of 

reads) of each taxon according to ecological niches rather than their presence or absence in 

the community (Caporaso et al., 2012). Several studies have shown that bacterial 

communities are predictable by the characteristics of the environment they inhabit, with 

temperature thought to be the dominant driver of variation in bacterial communities on a 

global scale (Pommier et al., 2007, Fuhrman et al., 2008, Sunagawa et al., 2015). Other 

physicochemical characteristics such as nutrients, organic matter, light, chlorophyll, 

physical processes and biological factors such as predation and microbial interactions have 

also been shown to influence bacterial community composition (Long and Azam, 2001, 
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Fuhrman et al., 2006, Zinger et al., 2011, Gilbert et al., 2012, Buchan et al., 2014, Sarmento 

et al., 2016, Teeling et al., 2016, Bunse and Pinhassi, 2017).   

As proposed by Baas-Becking (1934), it is clear that “the environment selects”, but 

whether it is from a global pool or local pool of bacteria, i.e. “is everything really 

everywhere”, remains to be determined (Green and Bohannan, 2006, Martiny et al., 2006, 

Pommier et al., 2007). Some studies suggest that few operational taxonomic units (OTUs) 

are actually cosmopolitan (Pommier et al., 2007, Sunagawa et al., 2015). Conversely, 

Gibbons et al. (2013) tested the global seed bank hypothesis and found that 32 – 66 % of the 

OTUs identified by Caporaso et al. (2012) could be found in a given biome and suggested 

with deep enough sequencing the phylogenetic diversity of all marine bacteria could be 

captured. Temporal studies show bacterial communities are seasonally reoccurring and high-

resolution sampling efforts have revealed that bacterial communities undergo short-term, 

large peaks in single populations (Gilbert et al., 2012, Martin-Platero et al., 2018) supporting 

the notion that many bacteria are latently present. Testing this hypothesis will require the 

development of molecular techniques to better characterise the rare biosphere and the 

mechanisms that allow the existence of many taxa at low abundance (Pedros-Alio, 2006, 

Pedros-Alio, 2012).  

Several studies have shown that the distribution of closely related phylotypes are 

determined by environmental factors (Schafer et al., 2002, Johnson et al., 2006, Six et al., 

2007, Ivars-Martinez et al., 2008, Brown et al., 2012, Pittera et al., 2014, Bryson et al., 2017), 

and geographically distinct ecotypes are even present among the abundant and widespread 

bacteria such as the SAR11 clade (Field et al., 1997, Brown et al., 2012, Salter et al., 2014), 

Prochlorococcus (West and Scanlan, 1999, Bouman et al., 2006, Johnson et al., 2006) and 

the MRC (Selje et al., 2004). These findings suggest cosmopolitan bacteria may become 

endemic through environmental selection and genetic divergence, and also raises questions 
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as to whether current phylogenetic classification is suitable to accurately characterise 

microbial diversity (Callahan et al., 2017, Parks et al., 2018).  

 

1.3 Temporal distribution of marine bacteria 

Insights into the dynamics of microbial communities have been significantly advanced by 

time-series studies (Fuhrman et al., 2015, Bunse and Pinhassi, 2017). Bacterial communities 

vary temporally and exhibit seasonal-scale patterns in community composition in relation to 

changes in environmental properties. Seasonal patterns are observed in all regions, from the 

poles to the tropics, and in both coastal and open ocean environments, with the magnitude 

of change increasing with latitude (Fuhrman et al., 2015, Bunse and Pinhassi, 2017). Long 

term monitoring of bacterial communities and physicochemical characteristics have shown 

seasonal bacterial succession to be annually recurring with the greatest dissimilarity seen 

between opposing months (Gilbert et al., 2012, Fuhrman et al., 2015, Teeling et al., 2016, 

Bunse and Pinhassi, 2017). Seasonal patterns are comparable across geographical locations 

and over time (Fuhrman et al., 2015, Bunse and Pinhassi, 2017). Therefore a spring 

community is more likely to have greater similarities with a spring community from another 

location and or year than to an autumn community at the same location in the same year.  

Temperate regions are strongly influenced by temperature, primary production and 

nutrient availability (Pinhassi and Hagström, 2000, Gilbert et al., 2012, Teeling et al., 2016). 

Sub-tropical and tropical regions are also influenced by temperature and nutrients, but also 

show greater influence of light (Giovannoni and Vergin, 2012, Karl and Church, 2014). Polar 

regions experience large and prolonged changes in response to extremes of light and 

temperature (Alonso-Saez et al., 2008, Ghiglione and Murray, 2012). Mixing and 

stratification processes also show seasonal variation and influence community composition. 

In the open ocean, seasonal variation is stronger in the upper mixed waters than deeper in 
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the water column, and in coastal regions strong water column mixing brings valuable 

nutrients to the surface (Cram et al., 2014, Bunse and Pinhassi, 2017). In oligotrophic 

environments where nutrients are low, seasonal changes in atmospheric deposition are also 

suggested to be important in structuring bacterial community composition (Boyd and 

Ellwood, 2010, Hill et al., 2010, Westrich et al., 2016). The dominant prevailing primary 

producer also strongly influences the bacterial community. In polar and temperate regions 

eukaryotic primary producers dominate, and phytoplankton blooms are often associated with 

higher abundances of copiotrophic bacteria such as the MRC, Gammaproteobacteria and 

Bacteroidetes. In sub-tropical and tropical regions Cyanobacteria dominate and are 

associated with a higher abundance of oligotrophs such as SAR11 and SAR86 (Bunse and 

Pinhassi, 2017).  

   

1.4 Vertical distribution and diversity of marine bacteria  

The global ocean is not just vast in terms of surface area, it also extends to the seafloor that 

is on average 3600 m deep, and is stratified into discrete layers over which temperature, light 

and nutrients are the main drivers of vertical variability in community composition 

(Giovannoni and Stingl, 2005, Behrenfeld et al., 2006, DeLong et al., 2006) as well as 

physical mixing processes (Zinger et al., 2011). Bacterial diversity generally declines with 

depth (Sunagawa et al., 2015, Walsh et al., 2016) and community composition varies less in 

deep water masses that undergo little biogeochemical variation in comparison to the surface 

ocean, which is more environmentally variable (Behrenfeld et al., 2006, Walsh et al., 2016).  

The pelagic marine environment is dominated by Cyanobacteria, Bacteroidetes 

(mainly Flavobacteriales), Alphaproteobacteria (mainly SAR11), Gammaproteobacteria, 

Deltaproteobacteria, Actinobacteria and Deferribacteres (Zinger et al., 2011, Walsh et al., 

2016). Cyanobacteria decrease in abundance with decreasing light levels (Zinger et al., 
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2011) but still appear in the abundant fraction (~1 % of relative abundance) of the 

mesopelagic zone (Sunagawa et al., 2015), most likely being associated with sinking 

particles (Lochte and Turley, 1988). Gammaproteobacteria, Deltaproteobacteria, 

Actinobacteria and Deferribacteres increase with depth and dominate below the photic zone 

(Zinger et al., 2011, Walsh et al., 2016). Alphaproteobacteria are dominant throughout the 

water column and exhibit little variation with depth at the level of phyla (Zinger et al., 2011). 

Variation in the vertical distribution of marine bacteria is also seen within closely related 

taxa, for example distinct depth related ecotypes have been recorded for abundant taxa such 

as the SAR11 clade (Field et al., 1997) and Prochlorococcus (Johnson et al., 2006, Zinser et 

al., 2007).     

Vertical differences in community composition also occur across very small scales; 

the upper 1 mm of the surface of the ocean known as the sea surface microlayer (SML) has 

physicochemical properties that are distinct from the surface water below (Zhang et al., 

2003). This unique micro-habitat selects for the enrichment of bacteria from the water 

column below (Agogue et al., 2005a, Stolle et al., 2011), which leads to the formation of 

distinct SML bacterial communities (Franklin et al., 2005, Joux et al., 2006, Cunliffe et al., 

2009) often dominated by Gammaproteobacteria (Agogue et al., 2005a, Franklin et al., 

2005).  

 

1.5 Functional diversity and activity of marine bacteria 

The diversity and distribution of marine bacteria is fundamentally important to 

understanding ecosystem function (Azam and Malfatti, 2007, Fuhrman, 2009). However, we 

still know little about how bacterial communities function in the marine environment 

(Moran, 2015). Measuring function in the marine environment is difficult as the specific 

mechanisms by which communities mediate the transformations of organic carbon are 
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largely unknown. It is estimated only 1 % of the physiological and biochemical diversity of 

bacteria has been characterised (Rusch et al., 2007), since the vast majority of marine 

bacteria have not been isolated in culture, and cannot be kept in laboratory enrichments 

(DeLong and Pace, 2001, Rusch et al., 2007, Joint et al., 2010).  

Genetic studies can provide information about the functional potential of bacterial 

communities but cannot demonstrate definitive function (Fuhrman, 2009, Krause et al., 

2014). Most phylogenetic studies rely on the highly conserved 16S rRNA gene to identify 

bacteria in an evolutionary context, but 16S rRNA gene diversity does not represent well 

functional diversity, and the metabolic functions of bacteria can vary considerably within 

taxonomic lineages, such as the MRC (Moran et al., 2007, Christie-Oleza et al., 2012). In 

addition, functional diversity has been shown to exhibit different biogeographical patterns 

to phylogenetic diversity. Haggerty and Dinsdale (2017) found that functional diversity was 

most strongly influenced by latitude and showed little variation in response to environmental 

characteristics.  

Complicating matters further, not all bacteria in the community are metabolically 

active (del Giorgio and Scarborough, 1995). Ratios between 16S rRNA transcripts and 16S 

rRNA genes suggest bacterial abundance in the community is not always indicative of 

bacterial activity in the community (Alonso-Saez et al., 2006, Alonso-Sáez et al., 2007, 

Alonso-Saez et al., 2008, Lami et al., 2009, Campbell et al., 2011, Hunt et al., 2013). 

Metagenomic and transcriptomics also show that functional genes can have far higher 

expression levels than their abundance suggests (Frias-Lopez et al., 2008).  

Other approaches to defining ecological function in the environment, for example 

characterising individual components such as substrate composition (Arnosti et al., 2011) or 

extracellular enzymes (Arnosti and Steen, 2013), give an idea of the functions occurring in 

an ecosystem but do not identify the taxa responsible. Meta-omic studies allow the 

phylogenetic and functional diversity of whole and active communities and individual 
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ribotypes to be characterised (Rusch et al., 2007, Frias-Lopez et al., 2008). However, there 

are often a large number of unidentified genes due to a lack of representative reference genes 

in the genomic databases (Rusch et al., 2007, Gilbert et al., 2010a). Consequentially, there 

is still a need for in vitro trait-based studies to support the characterisation of functional 

genes from the environment (Krause et al., 2014).  

 

1.7 Overarching thesis aims   

The broad aim of this thesis was to improve our understanding of how marine bacterial 

communities are influenced by different environmental drivers (figure 1.3).  I set out to 

characterise the biogeographical distribution of marine bacteria and investigate how 

bacterial communities respond to changes in their physiochemical environment. I 

specifically wanted to advance current knowledge by focusing on specific environments that 

are currently underrepresented in literature and to expand upon traditional DNA-based 

phylogenetic methods by investigating functional and active bacteria in the marine 

environment.  

 

1.8 Specific thesis objectives 

Chapter 3. Carboxydovory in the ecologically-relevant model marine bacterioplankton 

Ruegeria pomeroyi DSS-3  

A major hurdle in environmental microbiology is assigning ecological functions to gene 

presence. In this chapter, I set out to confirm the function of the coxL gene in marine 

carboxydovores and to identify phenotypic responses to CO-oxidation in the ecologically 

relevant and important model marine bacterium Ruegeria pomeroyi DSS-3. Linking a 

functional gene to a confirmed metabolic function will enable more confident identification 
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of marine carboxydovores in the environment by coxL-based techniques and provide new 

insight into CO-based chemolithoheterotrophy.  

Chapter 4. Seasonal diversity of bacterioplankton coxL genes: a time series study at the 

coastal Station L4 and open shelf Station E1 in the Western English Channel 

In this chapter, I analyse weekly-scale dynamics of two temperate coastal bacterioplankton 

communities over a spring phytoplankton bloom transition, in relation to prevailing 

physicochemical drivers. Building on from Chapter 3, I have developed functional gene 

probes to investigate the diversity and distribution of marine carboxydovores, delivering an 

improved understanding of the ecology of carboxydovoric bacterioplankton in coastal 

waters. 

Chapter 5. Diversity and distribution of total and active bacterioplankton communities in 

relation to light along a transect of the Atlantic Ocean 

In this chapter, I investigated the bacterioplankton communities in the euphotic zone of the 

Atlantic Ocean, to gain a better understanding of their biogeographical distribution. I also 

investigated the activity of the bacterioplankton in these communities to gain insight into the 

relative contributions these taxa make to bacterial productivity. In addition, I investigated 

whether light affected the composition and distribution of bacterioplankton communities 

vertically through the water column.  

Chapter 6. A multidisciplinary approach to studying the sea surface microlayer reveals the 

complexity of physicochemical influences on bacterioneuston diversity 

In this chapter, I investigated bacterial diversity at the air-sea interface using a collaborative 

multidisciplinary approach in order to better understand the interactive effects of the 

physicochemical characteristics of the sea surface microlayer on the bacterioneuston. This 

provides new insight into the complexity of environmental influences on the bacterioneuston 

communities. 
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Figure 1.3. Conceptual diagram illustrating the knowledge gaps to be addressed in this thesis and how the different chapters sit together to collectively 

address the overarching aim to better understand how marine bacterial communities are influenced by different environmental drivers over spatial 

and temporal scales.
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Chapter 2  

Materials and Methods 
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2.1 Chemicals and reagents 

Unless stated otherwise, all chemicals and reagents used for this research were obtained from 

Sigma Aldrich and Thermo Fisher Scientific.  

 

2.2 Sterile working  

Unless stated otherwise, all procedures were carried out wearing nitrile gloves on clean 

surfaces using sterile consumables and equipment. Clean surfaces refers to laboratory 

surfaces thoroughly cleaned using a chlorine disinfectant solution at 1000 ppm and/or 

Industrial Methylated Spirits (IMS) 70 % (v/v). Sterile refers to single use equipment 

certified as sterile by the manufacturer, equipment sterilised by autoclaving for 15 min at 

121 °C and or by ultraviolet (UV) sterilisation for 30 min. All re-usable glass and plastic 

ware was washed as follows; 24 hr soak in 1000 ppm chlorine disinfectant solution, 

Decon®90 2 % (v/v) and hydrochloric acid solution 1 % (v/v) consecutively before being 

thoroughly rinsed with distilled water and dried in a drying cabinet. Equipment was scrubbed 

and rinsed with fresh tap water between each step.  

2.2.1 Sterile working at sea 

Routine cleaning was carried out between samples using IMS 70 % (v/v) for bench surfaces 

and pure molecular grade ethanol 99 % for filtration equipment. In addition, all surfaces and 

equipment were thoroughly cleaned with chlorine disinfectant solution 1000 ppm between 

each station. Filtration equipment was also rinsed with distilled water and covered when not 

in use.  All work was carried out wearing nitrile gloves that were changed regularly. 

RNAlater® was divided into 50 mL aliquots to avoid repeated opening and potential 

contamination of the stock solution. Centrifuge tubes were pre-autoclaved and UV sterilised 

as required on board. Forceps were sterilised between each sample with pure molecular 

grade ethanol 99 % and flaming. 
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2.3 Media and solutions 

All media were prepared using Milli-Q® water in sterile glassware and autoclaved for 15 min 

at 121 °C. Phosphate and vitamin stock solutions that could not be autoclaved were filter 

sterilised through a 0.2 µm sterile single use syringe filters and added to the autoclaved 

medium under laminar flow.   

2.3.1 Half yeast, tryptone, sea salts (½ YTSS) medium 

Dissolved into 1 L of water and autoclaved, final pH 7.0 

 Yeast extract          2 g 

 Tryptone          1.25 g 

 Sea salts          20 g 

2.3.2 Modified marine ammonium mineral salts (MAMS) medium 

Added to 1 L of water (final volume) and autoclaved, phosphate and vitamin solutions were 

filter sterilised and added to cooled media after autoclaving.   

 Sodium chloride (NaCl)        20 g 

 Ammonium sulphate solution       10 mL 

 Calcium chloride solution        10 mL 

 Solution MS         10 mL 

 Trace elements solution       1 mL 

 Phosphate solution         10 mL 

 Vitamins solution        5 mL 
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2.3.2.1 Trace elements solution 

Dissolved into 1 L of water and autoclaved.  

 Iron (II) chloride tetrahydrate (FeCl2 - 4H2O) in 10 mL 25 % HCl  1.5 g  

 Zinc chloride (ZnCl2)         0.07 g 

 Manganese (II) chloride tetrahydrate (MnCl2- 4H2O)    0.1 g 

 Boric acid (H3BO3)         0.006 g 

 Cobalt (II) chloride (CoCl2- 6H2O)       0.190 g 

 Copper chloride dihydrate (CuCl2- 2H2O)      0.002 g 

 Nickel (II) chloride (NiCl2- 6H2O)       0.024 g 

 Sodium molybdate dihydrate (Na2MoO4 - 2H2O)     0.036 g 

2.3.2.2 Vitamin solution 

Dissolved into 1 L of water, filter sterilised and stored in the dark at 4 °C. 

 Thiamine hydrochloride B1       0.010 g 

 Nicotinic acid B3        0.020 g 

 Pyridoxine hydrochloride  B6       0.020 g 

 Para-aminobenzoic acid       0.010 g 

 Riboflavin B2         0.020 g 

 Biotin          0.001 g 

 Cyanocobalamin B12        0.001 g 

2.3.2.3 Ammonium sulphate  solution  

Dissolved into 100 mL of water and autoclaved.  

 Ammonium sulphate (NH4)2SO4      10 g 

2.3.2.4 2 Calcium chloride  solution  

Dissolved into 100 mL of water and autoclaved.  
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 Calcium chloride (CaCl2)       2 g 

2.3.2.5 Solution MS 

Dissolved into 100 mL of water and autoclaved.  

 Magnesium sulphate heptahydrate (MgSO4 - 7H2O)    10 g 

 Iron (II) sulphate heptahydrate (FeSO4 - 7H2O)    0.02 g 

 Sodium molybdate dihydrate (Na2MoO4 - 2H2O)    0.20 g 

2.3.2.6 Phosphate  solution 

Dissolved into 100 mL of water and autoclaved.  

 Potassium di-hydrogen phosphate (KH2PO4)     3.6 g 

 di-Potassium hydrogen phosphate (K2HPO4)     23.4 g 

2.3.3 Phosphate buffered saline (PBS) 1 x 

Dissolved into 1 L of water, pH adjusted to 7.4 with hydrochloric acid (HCl), and autoclaved. 

 Sodium chloride (NaCl)        8 g 

 Potassium chloride (KCl)        0.20 g 

 Disodium phosphate (Na2HPO4 )      1.44 g 

 Potassium dihydrogen phosphate (KH2PO4)      0.24 g 

2.3.4 Tris base acetic acid-EDTA (TAE) buffer 1x 

50x TAE buffer concentrate (2 M Tris-Acetate, 100 mM Na-EDTA) mixed at a ratio of 1:49 

with distilled water. 
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2.4 Bacterial strains 

Table 2.1. List of bacterial strains used in this thesis. 

Species Type Strain Genome Source 

Ruegeria 

pomeroyi 

(basonym 

Silicibacter 

pomeroyi) 

DSS-3 

DSM15171  

ATCC700808 

Chromosome 

RefSeq:NC_003911.12 

INSDC:CP000031.2 

 

Megaplasmid 

RefSeq:NC_006569.1 

INSDC:CP000032.1 

Dr Jonathan Todd, 

University of East 

Anglia, UK 

Sagittula 

stellata 

E37 

DSM11524  

ATCC700073 

Whole Genome Shotgun 

RefSeq:NZ_AAYA00000000.1 

INSDC:AAYA00000000.1 

Leibniz Institute 

DSMZ-German 

Collection of 

Microorganisms 

and Cell Cultures, 

Germany 

 

2.4.1 Routine maintenance of bacterial strains  

All media and cultures were handled under a laminar flow or on occasion under flame. 

Roseobacter strains were routinely maintained on ½ YTSS agar and stored short term at 

4 °C. For long term storage at -80 °C, glycerol stocks were prepared at a 1:1 ratio of 

exponential cells in ½ YTSS and 100 % glycerol (autoclaved). Flasks and plates were 

inoculated using sterile single use inoculation loops and incubated at 30 °C and 150 rpm in 

a Stuart shaking incubator (Cole-Parmer).  

2.4.2 Bacterial strain purity checks 

Strain purity was assessed regularly by examination at 1000x magnification using a Nikon 

TMS inverted phase contrast microscope (Nikon). In addition, occasional strain purity 

checks were performed using polymerase chain reaction (PCR) amplification and Sanger 

sequencing of the 16S rRNA gene (as described in section 2.15.1). 
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2.5 Physiological experimentation (Chapter 3) 

A starting culture was prepared by inoculating 50 mL of modified MAMS supplemented 

with 10 mM glucose from a fresh (~3 day old) ½ YTSS plate and grown until mid-

exponential phase (OD600 0.5-0.8). Experimental replicates were then inoculated with 2 mL 

of starting culture. All experimental cultures were grown in sterile 250 mL jointed 

Erlenmeyer flasks containing 50 mL of the modified MAMS medium and stoppered with an 

air tight rubber turn-over closure stopper (Suba-Seal®). All experimental cultures were 

handled and incubated as described for the routine maintenance of cultures. 

2.5.1 Producing carbon-starved cells 

For carbon starvation experiments, the starting culture was washed twice by centrifuging for 

10 min at 4000 G and 4 °C. The cell pellet was re-suspended in modified MAMS with 

glucose-free MAMS prior to inoculating the experimental replicates. 

2.5.2 Harvesting of cells for nucleic acid and protein extraction 

1 mL of culture was collected into a 1.5 mL centrifuge tube and centrifuged at 16,060 G for 

20 min and the supernatant carefully removed before cell pellets were snap-frozen on liquid 

nitrogen and stored at -80 °C. 

 

2.6 Addition of carbon monoxide to the culture flask headspace 

Carbon monoxide (CO) was added to the flask headspace using a sterile single use syringe 

and needle fitted with gas tight valve. The headspace pressure was equalised by removing 

an equivalent volume of ambient air before adding the desired volume of 99 % pure CO (CK 

gases LTD). The syringe was pumped 5 times on taking up and on delivering the CO to 

ensure transfer of an exact volume of gas. Flasks already containing CO i.e. between 



 

49 

 

sampling time points, were allowed to vent under laminar flow for 30 min after experimental 

sampling before being re-stoppered and CO added to avoid an accumulation effect and to 

ensure a consistent starting headspace CO concentration. 

2.6.1 Calculation of headspace volume 

The headspace volume (290 mL) was calculated by subtracting the volume of culture 

(50 mL) from the total volume of the flask (less the stopper, 340 mL); the amount of CO to 

be added was then calculated as a percentage of the headspace volume (figure 2.1a). 

 

 

 

Figure 2.1. a) Diagram of experimental flask b) experimental flask and c) Carbon monoxide 

meter. 

Headspace 
volume

Culture 
volume

Stopper

a ai

b

50 mL

290 mL
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2.6.2 Quantification of headspace carbon monoxide concentration 

Headspace CO concentration was quantified using a handheld CO meter (Anton). 0.5 mL of 

gas was collected from the headspace in the same manner as described previously and 

delivered into a rubber chamber fitted around the sensor of the meter (figure 2.1b). The 

sensor was vented and allowed to return to 0 between measurements. 

 

2.7 Quantification of bacterial growth   

Change in biomass (growth) was measured by optical density at 600 nm (OD600). 1 mL of 

culture was added to a 1.5 mL BRAND® semi-micro cuvette and OD600 measured on an 

Eppendorf BioPhotometer® (Eppendorf).  To keep values within a linear range, samples with 

OD600 greater than 0.6 were diluted with filter sterile PBS, the measured OD600 was 

multiplied by the dilution factor to determine the undiluted density. 

2.7.1 Growth calculations 

Growth rate (µ) was calculated from change in OD600 during the exponential growth phase 

(equation 1) (Widdel, 2007). Total growth (G) was calculated from the starting and the 

highest measured OD600 (equation 2) (Monod, 1978). For starvation experiments, loss of 

biomass was calculated using an adaption of equation 2 substituting Biomassmax for biomass 

at a selected time point (Biomasstx). Bacterial growth measurements for each treatment were 

averaged across biological replicates (n 4). Means of each treatment were compared using 

Welch’s t-test performed in R version 3.2.2 (R-Core-Team, 2015). 
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Equation 1. Growth rate. 

𝜇 =
2.303(log𝑂𝐷𝑡2 − log𝑂𝐷𝑡1)

(𝑡2 − 𝑡1)
 

Equation 2. Total growth. 

𝐺 = 𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑚𝑎𝑥 − 𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑡0 

 

Where µ = growth rate, 2.303 = conversion to the decadic logarithm, ODn = the OD600 at a 

given time point, tn = time, G = total growth. 

 

2.8 Proteomics  

1 mL cell pellets were harvested for proteome analysis in parallel with the samples for 

DNA/RNA extraction and sent to collaborator Dr Joseph Christie-Oleza at the University of 

Warwick, UK, for proteome analysis. Pellets were re-suspended in 300 µl NuPAGE LDS 

sample buffer (Invitrogen), vortexed and incubated for 5 min at 95 °C three times. 30 µl of 

the sample was run on a 10 % Tris-Bis NuPAGE pre-cast gel (Invitrogen) using 3-(N-

morpholino) propanesulfonic acid (MOPS) running buffer (Invitrogen). Sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was performed for a short gel 

migration (1 cm). Polyacrylamide gel bands containing the whole cellular proteome were 

excised, and standard in-gel reduction with dithiothreitol, and alkylation with iodoacetamide 

were performed prior to trypsin (Roche) proteolysis. The resulting tryptic peptide mixture 

was extracted using 5 % formic acid in 25 % acetonitrile and concentrated at 40 °C in a 

speed-vac.  

For mass spectrometry, the samples were re-suspended in 2.5 % acetonitrile 

containing 0.05 % trifluoroacetic acid and filtered using a 0.22 µm cellulose acetate spin 

column 16,000 g for 5 min in order to eliminate undissolved aggregates (Christie-Oleza et 

al., 2012). Samples were analysed using a nanoLC-ESI-MS/MS with an Ultimate 3000 LC 
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system (Dionex-LC Packings) coupled to an Orbitrap Fusion mass spectrometer (Thermo 

Scientific), using a 180 min LC separation on a 25 cm column and settings as previously 

described (Christie‐Oleza et al., 2015). 

Raw files were processed using the software package for shotgun proteomics 

MaxQuant version 1.5.5.1 (Cox and Mann, 2008) to identify and quantify proteins using the 

UniProt database of R. pomeroyi DSS-3. Samples were matched between runs. Other 

parameters were set by default. The list of detected peptides and polypeptides is provided in 

appendix 2. The bioinformatic analysis pipeline was completed using the software Perseus 

version 1.6.0.7 with settings as previously described (Christie-Oleza et al., 2012).  
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2.9 Seawater sampling 

2.9.1 Sampling at the Western Channel Observatory (Chapter 4) 

Seawater samples were collected during routine sampling at the Western Channel 

Observatory (WCO), using a 10 L Niskin bottle deployed from the stern of the vessel (figure 

2.2b), with sample depth determined from meter markers along the length of the rope. 1 L 

samples were taken via a silicone tube into 1 L Nalgene collection bottles that were rinsed 

with sample water three times before sample collection. Samples were filtered immediately 

after collection, on occasion when the sea state was too rough, samples were stored in the 

dark in a cooler (4 °C) and transported back to the laboratory for processing within 4 hours 

of collection. 

 

Figure 2.2. a) Station L4 buoy, b) deployment of the Niskin bottle from R/V Sepia. 

 

a b
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2.9.2 Sampling during the Atlantic Meridional Transect 25 cruise (Chapter 5) 

Seawater samples were collected from different light depths during routine water sampling 

from the RRS James Clark Ross during the JR15001 AMT 25 cruise (figure 2.3a). Seawater 

was collected into 20 L blacked-out carboys via a blacked-out silicone tubes from 20 L 

Niskin bottles fitted to a water sampling 24 bottle Seabird CTD (conductivity, temperature, 

depth) rosette system (figure 2.3b). Carboys were rinsed at least once (up to 3 times if water 

availability allowed) before filling. Samples were filtered immediately after collection. 

 

Figure 2.3. a) Water sampling carousel being recovered, b) water sampling carousel and 

carboys.  

2.9.2.1 Calculation of light-dependent sampling depths 

Light depths were calculated using the vertical diffuse attenuation coefficient (Kd) using 

equation 3a (see below). During noon casts, photosynthetically available radiation (PAR) 

a b
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readings were taken from 5 depths spread throughout the water column and plotted as depth 

vs the negative natural log of PAR (figure 2.4). Kd is equal to the slope of the regression line 

(calculated using the least squares method) through the known data points (equation 3bi).  

For pre-dawn casts, light depths were calculated based on daily NEODAAS satellite images 

of calculated euphotic depth (Ze) (the depth at which PAR is 1 % of the surface value) (Morel 

and Berthon, 1989), and Kd calculated using equation 3bii. 

 

 

Figure 2.4. Example of known values plot (depth vs the negative natural log of PAR) with 

regression line and equation. 
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n
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R
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Zpd

𝑦 = 𝑚𝑥 + 𝑏 
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Equation 3. a) Calculation of penetration depth (Zpd), b) Calculation of vertical diffuse 

attenuation coefficient (Kd), bi) noon CTD casts, bii) pre-dawn CTD casts. 

 

a 

𝑍𝑝𝑑 = ln⁡(𝑃𝐴𝑅%) × (
1

−𝐾𝑑
) 

 

b 

bi 

𝐾𝑑 = ⁡𝑚 =
𝑦

𝑥 + 𝑏
=
−ln⁡(𝑃𝐴𝑅)

𝑍𝑝𝑑 + 𝑏
 

bii 

𝐾𝑑 = ⁡(
−ln⁡(0.01)

𝑍𝑒
) 

 

Where Zpd is the penetration depth in m, PAR% is the decimal percent of light at Zpd , Kd is 

the vertical diffuse attenuation coefficient, m is the slope of the regression line, y is the -

ln(PAR) y value, x is the Zpd x value, b is the y-intercept and  Ze is the calculated euphotic 

depth.  
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2.9.4 Sampling during the Air to Sea cruise (Chapter 6) 

All samples were collected from a workboat (6.3 m length) (figure 2.5c) that was deployed 

in the morning and afternoon to collect samples while drifting windward of the ship to avoid 

contamination or disturbance of the ocean surface by ship or other operations. All samples 

were collected into blacked-out polycarbonate Nalgene® bottles and stored on ice. Samples 

were returned to the ship within an hour of collection and filtered immediately. All sampling 

equipment was cleaned with 99 % pure molecular grade ethanol and rinsed 3 times with 

sample water prior to the collection of the actual sample. The sea surface microlayer was 

sampled using the glass plate method (Harvey, 1966, Cunliffe and Wurl, 2014) (figure 2.5a). 

A glass plate was dipped into the sea and withdrawn slowly perpendicular to the water 

surface (~5 cm s-1). The collected microlayer was then transferred from the glass plate into 

the collection bottle via a funnel using a scraper. Underlying water from 1 m depth was 

collected using a 100 mL syringe attached to Ø12 mm silicone tube that was weighted to 

keep it vertical in the water column (figure 2.5b). The collected water was transferred 

directly to the collection bottle from the syringe. 
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Figure 2.5. Sampling on the Air to Sea cruise. a) sea surface microlayer sample collection, 

ai) glass plate sampling aii) diagram of glass plate method aiii) glass plate viewed 

underwater aiv) sampling equipment. b) underlying water sample collection, bi) sampling 

equipment, bii) diagram of sampling method. c) workboat.  

 

2.10 Seawater filtration  

Seawater samples were filtered through sterile 0.2 µm cellulose nitrate membrane filters 

(Whatman) using a 6 funnel filter manifold and vacuum pump (figure 2.6). Using sterile 

forceps, membranes were carefully rolled and transferred to a sterile 2 mL centrifuge tube 

containing 1 mL of RNAlater® (Sigma) and immediately stored at -80 °C. For samples taken 

at the WCO (Chapter 4), no preservative was added. Samples were kept on dry ice and stored 

at -80 °C on return to the laboratory (within 4 hours of collection).  
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Figure 2.6. Filtration of environmental samples, a) diagram of filtration system, b) filter 

manifold. 

 

2.11 Environmental metadata 

Environmental metadata were available from collaborators and/or open access sources. The 

sources and details of these data are fully disclosed (appendix 3).  

2.11.1 Metadata used in Chapter 4 

Quality controlled physicochemical and biological metadata used in Chapter 4 were 

collected during routine sampling at Station L4 and Station E1 by the R/V Plymouth Quest 

and accessed via the WCO data repository (www.westernchannelobservatory.org.uk, 2011). 

Seawater samples

Waste 
water

Filter manifold

Vacuum pump

air water

a

b
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Meteorological metadata were recorded by a local weather station in Plymouth and accessed 

from (www.bearsbythesea.co.uk, 2018). For statistical analyses, only the metadata that 

corresponded to bacterial diversity water sampling dates (table 2.2) were used.  

Phytoplankton and microzooplankton counts at 10 m were assumed for all bacterial diversity 

sample depths. 

 

Table 2.2. Water and metadata sampling dates for Chapter 4.  denotes data collected 

concurrently with water samples, not available (NA) denotes missing data and dates indicate 

alternative sampling date. 

Station 
Water 

Sample 
CTD data 

Phytoplankton & 

microzooplankton 
Meteorological Nutrients 

L4 10/03/2015     

L4 23/03/2015     

L4 07/04/2015     

L4 20/04/2015     

L4 07/05/2015   NA  

L4 20/05/2015     

L4 03/06/2015     

L4 15/06/2015     

L4 29/06/2015    30/06/2015 

L4 30/07/2015 28/07/2015 28/07/2015  28/07/2015 

E1 10/03/2015     

E1 25/03/2015     

E1 09/04/2015    NA 

E1 24/04/2015  30/04/2015  30/04/2015 

E1 08/05/2015 NA NA NA NA 

E1 21/05/2015 NA    

E1 05/06/2015 04/06/2015 04/06/2015  04/06/2015 

E1 16/06/2015     

E1 29/06/2015 01/07/2015 01/07/2015  01/07/2015 

E1 30/07/2015     
 

2.11.1.1 Metadata provided by the Western Channel Observatory 

Depth resolved physicochemical data were collected using sensors attached to a sampling 

rosette. Seawater temperature and salinity were measured using a SeaBird SBE 19+. 

Fluorescence was measured using a Chelsea Technologies MINITracker and oxygen 
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measured using a SeaBird 43 Dissolved Oxygen sensor. Samples for phytoplankton and 

microzooplankton enumeration were collected from 10 m depth using a 10 L Niskin bottle 

and analysed as described in (Widdicombe et al., 2010). Samples for depth resolved nutrient 

quantification were also collected using a 10 L Niskin bottle and analysed according to the 

standard WCO protocol (appendix 4).  

2.11.1.2 Metadata provided by the Plymouth weather station Bearsbythesea 

Local weather data were collected using a Davis Vantage Pro2+ weather station and 

processed using Weather Display Software. Data were accessed via 

(www.bearsbythesea.co.uk, 2018). 

2.11.2 Metadata used in Chapter 5 

All metadata used in Chapter 5 are available through the Natural Environment Research 

Council (NERC) British Oceanographic Data Centre (BODC). Metadata were collected 

routinely during the AMT25 and processed at BODC (see BODC (2015) cruise JR15001 

(AMT, JR864). The data presented in Chapter 5 includes all data from the upper 250 m over 

the entire transect (physicochemical = 1455 data points from 74 casts, nutrient = 888 data 

points from 70 casts). For statistical analysis, only data from the corresponding bottle 

(physicochemical) or equivalent depth (nutrients) to the nucleic acid samples were used. 

2.11.2.1 Physicochemical metadata collected during the Atlantic Meridional Transect 

The physicochemical data provided were taken from sensor readings at the depth from which 

the water sample was taken, where there were multiple sensors for a variable an average 

reading was taken. Temperature and salinity were measured using a Sea-Bird SBE 911plus 

CTD, dissolved oxygen was measured using a Sea-Bird SBE 43 dissolved oxygen sensor,  

fluorescence was measured using a Chelsea Technologies Group Aquatracka III fluorometer 

and PAR was measured using a Biospherical QCD-905L underwater PAR sensor. CTD casts 

were recorded using the Sea-Bird data collection software Seasave-Win32. The software 
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outputs were then processed following the BODC recommended guidelines using SBE Data 

Processing-Win32 v7.23.2. Additional water samples were collected from each cast to 

measure salinity (bench salinometer), chlorophyll-a (filtration, acetone extraction and 

fluorometer measurement) and oxygen (Winkler titration) in order to calibrate the respective 

sensor values. The method used for calibration was to generate an offset between the discrete 

water sample measurement and the nominal value from the sensor. The offsets were then 

plotted against the discrete sample values and a linear regression applied. Where the 

regression was significant the calibration equation was derived, where the regression was 

not significant the mean value of the offset was applied. 

2.11.2.2 Nutrient metadata collected during the Atlantic Meridional Transect 

Seawater samples for micro-molar nutrient measurements were taken from CTD bottle 

samples at every depth from each CTD cast. Samples were collected into acid-cleaned 60 ml 

high-density polyethylene (Nalgene) sample bottles and analysed on a 4-channel Bran and 

Luebbe AAIII segmented flow autoanalyser. The analytical chemical methodologies used 

were according to Brewer and Riley (1965) for nitrate, Riley (1977) for nitrite and Kirkwood 

(1989) for phosphate and silicate. 

2.11.2.2 Microbial phytoplankton abundance metadata collected during the Atlantic 

Meridional Transect 

Seawater samples from 200 m to the surface were collected in clean 250 mL polycarbonate 

bottles from each CTD cast. Samples were stored in a refrigerator and analysed within 3 

hours of collection. Fresh samples were measured using a Becton Dickinson FACSort flow 

cytometer which characterised and enumerated Prochlorococcus sp. and Synechococcus sp. 

(Cyanobacteria) and eukaryotic phytoplankton, based on their light scattering and 

autofluorescence properties. The flow rate of the flow cytometer is calibrated by analysing 
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samples of Ø3.6 µm fluorescent microspheres (Beckman Coulter Flowset fluorescent 

microspheres) at a known concentration for a set length of time.  

2.11.3 Metadata used in Chapter 6 

2.11.3.1 Metadata provided by the Sea Surfaces Group at the Institute for Chemistry and 

Biology of the Marine Environment (ICBM), Carl von Ossietzky University of Oldenburg 

The Sea Surface Scanner (SSS) is a remote controlled automated rotating glass disc sampler 

fitted with a suite of in situ sensors for measuring biogeochemical parameters (figure 2.7). 

pH, seawater temperature, chromophoric dissolved organic matter (FDOM) and salinity 

were measured in the sea surface microlayer (SML) and underlying water (ULW) (1 m) by 

on board sensors and calibrated as described in Ribas-Ribas et al., (2017). Chlorophyll 

derived from fluorescence was measured in the ULW by on board sensors and calibrated 

against discrete chlorophyll measurements. Air temperature, relative humidity, wind speed, 

UV and solar radiation were measured in the atmosphere by sensors at a height of 3 m fitted 

to the SSS mast (Ribas-Ribas et al., 2017). Details of the on-board sensors including 

manufacturers and specifications can be found in appendix 1, for further detail see Ribas-

Ribas et al., (2017).  Discrete SML and ULW samples were also taken for surface active 

substances (SAS), (a substance that lowers the surface tension of the liquid in which it is 

dissolved, also known as surfactants), and chlorophyll from the SSS bottle samples. SAS 

were measured using phase-sensitive alternating voltammetry (Model VA 747, Metrohm) 

with a hanging mercury drop electrode according to Ćosović and Vojvodić (1998). 

Unfiltered samples (10 mL) were measured three to four times using a standard addition 

technique, where the non-ionic surfactant Triton X-100 was used as a standard. 

Concentration of SAS was expressed as the equivalent concentration of Triton X-100 (Teq) 

(Wurl et al., 2009). Chlorophyll-a was measured using the method described by Arar and 

Collins (1997). The partial pressure of carbon dioxide (pCO2) was measured using an 
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infrared gas analyser (IRGA) (SubCtech OceanPackTM, LI-COR LI-840x) fitted to an 

autonomous, drifting buoy with a floating chamber (Ribas-Ribas et al., 2018). The IRGA 

was calibrated using 5 CO2 gas standards before and after sampling (accuracy better than 

1.5%) (Ribas-Ribas et al., 2018). pCO2 flux was calculated based on the positivity or 

negativity of the slope (dpCO2/dt) according to the equations as described in Ribas-Ribas et 

al., (2018), only flux values with an r2 value greater than 0.95 were included in the dataset. 

The SSS and autonomous drifting buoy were usually deployed between 23:00 and 06:00 

UTC. For statistical analysis with bacterial diversity data, the mean at each sampling station 

was determined for AM and PM sampling efforts and was defined as all data recorded before 

(AM) or after (PM) 12 noon (02:30 UTC at coastal stations and 02:00 UTC at oceanic 

stations). 
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a b

c

d

 

Figure 2.7. a) Sea surface scanner (SSS), (b) rotating glass discs onto which the sea surface 

microlayer (SML) is collected,  c) on-board flow-through system, d) schematic view of the 

flow-through system with pumps (P1–P3), valves (V1), and sensor technology to measure 

salinity (Sal), pH, oxygen (Oxy), FDOM, Chl-a, and photosynthetic parameters (Photo) from 

Ribas-Ribas et al., (2017). 
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2.11.3.2 Data provided by the Zappa Group at the Lamont-Doherty Earth Observatory, 

Columbia University  

Underway meteorological, navigational and physical measurements were recorded by the 

R/V Falkor on-board scientific computer system. Wind stress measurements were estimated 

from underway data using the algorithms defined in (Edson et al., 2013). For statistical 

analysis with bacterial diversity data, the mean was calculated for all data recorded 1 hour 

prior to, and during the collection of water samples for bacterial diversity. 

2.11.3.3 Data provided by the Landing Group at the Department of Earth, Ocean and 

Atmospheric Science, Florida State University  

Seawater samples were collected for the determination of particulate and dissolved trace 

metals from the SML (~50 µm thickness) and ULW (~30 cm depth) using a cylinder of pure 

quartz deployed from a plastic kayak (Ebling and Landing, 2015). 1 L of each sample was 

collected and immediately filtered onto 0.2 µm polycarbonate membranes on return to the 

ship’s lab. The filters were frozen at -20 °C, and the filtrate acidified with 0.024 M HCl, for 

storage. On return to the home laboratory, the particulate material on the filter was digested 

using a strong acid digestion (Morton et al., 2013). Dissolved trace metals were extracted 

from the seawater matrix and pre-concentrated on to a Toyopearl AF-Chelate-650M 

chelating resin, (Tosoh Bioscience) (Milne et al., 2010). Particulate and dissolved trace 

metals were determined by high resolution magnetic sector field Element 2™ ICP-MS 

(Thermo-Fisher) at the National High Magnetic Field Laboratory at Florida State University.   
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2.12 DNA extraction using the DNeasy Blood and Tissue kit 

DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen) following the 

manufacturer’s protocol. A lysis mix containing 600 µL lysis buffer (DNeasy) and 10 µL of 

proteinase K (DNeasy) was added to the samples. The samples were prepared according to 

the sample type; for bacterial cells see (2.12.1) for seawater see (2.12.2). DNA was eluted 

for 5 min at room temperature in 100 µL of elution buffer (DNeasy) pre-heated at 40 °C.  

2.12.1 Preparation of harvested bacterial cells for DNA extraction with the DNeasy Blood 

and Tissue kit (general use) 

Frozen harvested cell pellets were thawed on ice and homogenised in the DNeasy lysis mix 

by vortexing before being incubated at 56 °C for 10 min. All of the lysate was then 

transferred to the DNeasy extraction column. 

2.12.2 Preparation of filter membranes (seawater samples) for DNA extraction with the 

DNeasy Blood and Tissue kit 

For the transfer and dissection of membranes, forceps and scalpels were sterilised between 

each use with ethanol and by flame. Mechanical homogenisation with FastPrep® Lysing 

Matrix B (2 mL matrix tubes containing 0.1 mm silica spheres) (MP Biomedicals) was 

performed in a Mini-BeadBeater-8 (BioSpec) for 2 min on maximum speed. 

2.12.2.1 Preparation of seawater samples collected at the Western Channel Observatory 

(Chapter 4) 

Frozen membranes were transferred directly to a FastPrep® Lysing Matrix B tube with the 

DNeasy lysis mix and homogenised mechanically. Homogenised samples were incubated at 

56 °C for 10 min before being centrifuged for 1 min at 16,060 G, the lysate was recovered 

and transferred to the DNeasy extraction column by pipette. 
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2.12.2.2 Preparation of surface microlayer and underlying seawater samples collected 

during the Air to Sea cruise (Chapter 6) 

Frozen membranes were thawed on ice and transferred ensuring minimal carryover of 

RNAlater® to sterile petri dishes. To maximise the lysis of the small amount of material 

collected, membranes were un-rolled and cut using a sterile scalpel into ~12 pieces. The 

dissected membranes were then transferred to sterile FastPrep® Lysing Matrix B tubes with 

the DNeasy lysis mix and homogenised mechanically. Homogenised samples were 

incubated at 56 °C for 10 min before being centrifuged for 1 min at 16,060 G the lysate was 

recovered and transferred to the DNeasy extraction column by pipette. 

 

2.13 Simultaneous extraction of DNA and RNA using the E.Z.N.A. DNA/RNA isolation 

kit 

RNA and DNA were extracted simultaneously from the lysate (prepared according to the 

sample type), using the E.Z.N.A. DNA/RNA isolation kit (VWR) following the 

manufacturers protocol. An on column DNase digestion step using the RNase-Free DNase 

set (VWR) was also performed according to the manufacturer’s protocol. RNA and DNA 

were eluted for 5 min at room temperature in 40 µL of DEPC treated water (EZNA) pre-

heated to 70 °C and 40 µL of elution buffer (EZNA) pre-heated to 40 °C respectively.  

2.13.1 Lysis of harvested Ruegeria pomeroyi DSS-3 cells for use with the E.Z.N.A. DNA/RNA 

isolation kit (Chapter 3) 

Frozen harvested cell pellets were thawed on ice and with 350 µL GTC lysis buffer (EZNA) 

containing 20 µL mL-1 of 2-mercaptoethanol added. Cell pellets were homogenised in the 

lysis buffer by vortexing. All of the lysate was then transferred to the DNeasy extraction 

column. 
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2.13.2 Lysis of seawater samples for use with the E.Z.N.A. DNA/RNA isolation kit 

(Chapter 5) 

Membranes were thawed on ice and transferred ensuring minimal carryover of RNAlater® 

to sterile 2 mL FastPrep® Lysing Matrix B tubes. Membranes were snap frozen with liquid 

nitrogen and broken up using a sterile pellet pestle (Sigma). 700 µL of GTC lysis buffer 

(EZNA) containing 20 µL mL-1 of 2-mercaptoethanol was added and the membranes 

homogenised mechanically using a Mini-BeadBeater-8 (BioSpec, US) for 3 min at 

maximum speed. Matrix tubes were then centrifuged for 1 min at 16,060 G, the lysate was 

recovered and transferred to the EZNA DNA extraction column by pipette. 

 

2.14 PCR primers 

2.14.1 qPCR primer design 

Functional gene qPCR primers specific to R. pomeroyi DSS-3 were designed from the DSS-

3 genome (table 2.3) (Moran et al., 2004). Primers coxL-2F and coxL-2R were selected by 

hand using the genome viewing software Artemis (Wellcome Sanger Institute) and were 

donated to me by Simone Payne, from the University of East Anglia, UK. Primer sets 

pyrGPOMF and pyrGPOMR, and rpoBPOMF and rpoBPOMR were selected using 

Primer-BLAST (Ye et al., 2012). Primers were verified by PCR with R. pomeroyi DSS-3 

genomic DNA and Sanger sequencing. 

2.14.2 coxL Form I primer design for high-throughput sequencing 

The amplicon length (1200 bp) of the combined OMPF and OBR primer set was not suitable 

for high-throughput sequencing on an Illumina platform; therefore, a new reverse primer 

was designed. Based on the original King (2003) literature, known coxL Form I sequences 

representing a range of bacterial orders (Rhodobacterales, Rhizobiales, Burkholderiales, 

Actinobacteria and Bacillales) were selected from GenBank (figure 2.8b). An alignment 
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(figure 2.8a) was made and the OMPF forward primer sequence was identified. Conserved 

regions ~400-600 bp from the forward primer were identified as potential new reverse 

primers. A 100 % conserved region was not found, however relatively conserved regions 

were identified (~60 %). These regions were scanned for homologous and heterologous 

bases; degenerate bases were called if more than two bases at that position were 

heterologous. Only degenerate bases representing two bases were allowed, for heterologous 

positions containing more than two different bases, a base was called according to the most 

abundant two bases. Potential new reverse primers were paired with OMPF and verified by 

PCR with a range of bacterial genomic DNA samples and Sanger sequencing. After 

verification the new reverse primer NGSR was selected (figure 2.8a).  

The length of the amplicon (~650 bp, which increased to ~800 bp with the addition 

of adapter sequences) would not be suitable for paired end sequence analysis. A phylogenetic 

tree was constructed from the alignment to confirm if the forward reads (~250 bp) alone 

would be able to resolve taxonomy to a suitable level (appendix 5). Comparison of the tree 

with the original alignment (1200 bp) (figure 2.8) suggested some taxonomic resolution 

would be achievable using unpaired reads. 



 

 

 

7
1
 

 

Figure 2.8. a) Region of the aligned coxL Form I sequences corresponding to the new primer NGSR. b) Maximum Likelihood analysis (1000 bootstrap 

replications) of aligned coxL Form I sequences (1200 bp) used for the design of primer NGSR.  
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Table 2.3. Sequences of the primer pairs used in this study. 

Name 

(direction) 
Use 

(size) 
Targe

t gene 
Target gene 

product 
Sequence Reference 

Anne-

aling 

temp. 
OMPF 

(forward) 

PCR   

(1200 

bp) 

coxL 

Form I 

carbon 

monoxide 

dehydrogenas

e (CODH) 

GGCGGCTTYGGS

AASAAGGT 

(King, 

2003) 
58 – 62 

°C 

BMSF 

(forward) 

coxL 

Form 

II 

GGCGGCTTYGGS

TCSAAGAT 

OBR 

(reverse) 

coxL 

Form I 

& II 

YTCGAYGATCAT

CGGRTTGA 

coxL-2F 

(forward) 
qPCR   

(120 

bp) 

DSS-3 

coxL 

Form I 

CTGACGGCCAAG

GATCTG 
Simone 

Payne 

(UEA) 
59 °C 

coxL-2R 

(reverse) 
GCCACACAAAGG

CTACTTC 

OMPF/SEQ 

(forward) 

HTS 

(650 

bp) 

coxL 

Form I 

TCGTCGGCAGCG

TCAGATGTGTAT

AAGAGACAG-A-

NNNHNN NW 

NNNH-GGCGG 

CTTYGGSAASAA

GGT 

Adapted 

from 

(King, 

2003) 

56 °C 

NGSR/SEQ 

(reverse) 

GTCTCGTGGGCT

CGGAGATGTGTA

TAAGAGACAG-T-

GCRCCG 

ACGATCTCSGTR

AA 

This study, 

Chapter 4 

27F 

(forward) PCR   

(1465 

bp) 

16S 

rRNA 
16S ribosomal 

RNA 

AGAGTTTGATCM

TGGCTCAG 

(Lane, 

1991) 
55 °C PROK 

1492R 

(reverse) 

GGWTACCTTGTT

ACGACTT 

(Suzuki et 

al., 2000) 

pyrGPOMF 

(forward) 

qPCR   

(120 

bp) 

DSS-3 

pyrG 

CTP synthase 

(NH3, 

glutamine) 

CCTCGGCGATCG

ACTTGTAG 

This study, 

Chapter 3 
59 °C 

pyrGPOMR 

(reverse) 
CGGACCTGACCA

AATGGGAG 

rpoBPOMF 

(forward) DSS-3 

rpoB 

β subunit of 

bacterial RNA 

polymerase 

ATAGATGTCCAT

GAGCGCGG 

rpoBPOMR 

(reverse) 
AACGGCGTCACC

AATATCCC 
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2.15 Quantification of nucleic acids and manipulation techniques 

Routine nucleic acid quantification was carried out spectrophotometrically using a 

NanoDrop® ND-1000 (Thermo Scientific). Nucleic acids that were to be used for 

downstream analysis such as reverse transcription, sequencing and qPCR were also 

quantified fluorescently using the QuantiFluor® dsDNA System or QuantiFluor® RNA 

System (Promega) for DNA and RNA respectively. 

2.15.1 Polymerase chain reaction (PCR)  

Routine PCR was performed in 25 or 50 µL volumes in a Mastercycler™ Nexus Gradient 

(Eppendorf) or a Gradient Palm-Cycler™ CG1-96 (Corbett Life Science Pty. Ltd., AU) 

thermo cycler using GoTaq® Flexi DNA Polymerase (Promega). A typical reaction would 

contain a final concentration of 0.2 µM of each forward and reverse primer, 2 mM of MgCl, 

1.25 u GoTaq®, x1 GoTaq® Flexi Buffer and 0.2 mM of each dNTP and up to 0.5 µg DNA. 

For coxL amplification using OMPF/BMSF and OBR or OMPF/SEQ, and NGSR/SEQ, 

bovine albumen serum (BSA) was added at a final concentration of 0.1 µg µL-1.   

2.15.2 DNA purification  

PCR products were purified and cleaned using the GenElute™ PCR Clean-Up Kit (Sigma) 

according to the manufacturer’s protocol. 

2.15.3 Agarose gel electrophoresis 

Typically, 5 µL of PCR product (plus an equal volume of loading dye such as Orange G if 

required) was loaded onto a 1.5 % (w/v) agarose gel containing ethidium bromide (0.4 µg 

mL-1) in 1 x TAE buffer. HyperLadder™ 50 bp DNA ladder (Bioline) was used to estimate 

DNA fragment size. Gels were run for 40 min at 110 v and imaged on a G:Box image 

analyser (Syngene). 
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2.15.4 Reverse transcription (RT) 

RNA was reverse transcribed using the Omniscript RT Kit (Qiagen) according to the 

manufacturer’s protocol. Final reaction volumes were 15 µL for Ruegeria pomeroyi RNA 

(Chapter 3) or 10 µL for seawater RNA (Chapter 5) see table 2.4 for reaction mixes. Primers 

pyrGPOMR, rpoBPOMR or coxL-2R were used for the reverse transcription of RNA from 

Ruegeria pomeroyi and primer PROK1492R was used for the reverse transcription of RNA 

from seawater (table 2.3).  RNA was thawed on ice and denatured in RNase-free water for 

5 min at 60 °C prior to the addition of the reaction master mix. Reactions were then incubated 

at 37 °C for 60 min (seawater RNA) or 90 min (cell pellet RNA). 

 

Table 2.4. Reverse transcription reaction mixes. 

Component 

Final concentration per reaction 

RNA from cell 

pellets (Chapter 3) 

RNA from seawater 

(Chapter 5) 

Buffer RT (10 x) 1 x 1 x 

dNTPs (5 mM each) 0.5 mM each 0.5 mM each 

Gene specific reverse primer (10 µM)  1 µM 1 µM 

Omniscript reverse transcriptase (4 units 

per µL) 
0.2 units per µL 0.2 units per µL 

Target RNA 50 ng (total) 200 ng (total) 

RNase free water Up to 15 µL Up to 10 µL 

 

 

2.16 Quantitative PCR (qPCR) 

qPCR amplifications were performed with three technical replicates using SensiFAST™ 

SYBR® No-ROX Kit (Bioline). Reactions contained a final concentration of 1 x SensiFAST 

SYBR® No-ROX Mix, 0.3 µM of both the forward and reverse primers, 4 µL of cDNA as 

template and made up to a final volume of 10 µL using molecular grade water. 3 step cycling 



 

75 

 

was performed with a Rotor-Gene Q3000 (Qiagen) cycling conditions were; 95 °C for 30 s, 

40 cycles of denaturation 95 °C for 10 s, annealing 59 °C for 15 s and extension 72 °C for 

20 s followed by melt curve analysis from 72 °C to 95 °C. 

2.16.1 Reference genes 

To validate the effect of the CO treatment (Chapter 3) on the transcription of the target gene 

coxL, reference ‘housekeeping’ genes rpoB (β subunit of bacterial RNA polymerase) and 

pyrG (cytidine triphosphate (CTP) synthase) were chosen (Rocha et al., 2015). The reference 

genes act as an internal control to determine a normal expression level for each sample 

irrespective of the treatment.  

2.16.2 qPCR standards 

Non-degenerate gene specific primers were used to target the Ruegeria pomeroyi DSS-3 

coxL Form I, rpoB and pyrG genes (table 2.3). qPCR standards were created from a dilution 

series of purified amplicon DNA. PCR was performed in duplicate with 20 ng of R.pomeroyi 

DSS-3 genomic DNA as a template and amplification confirmed by electrophoresis. PCR 

products were then pooled, purified and quantified fluorescently. Gene copy number was 

determined using equation 4.  

. 

Equation 4. Equation to calculate gene copy number. 

 

𝑛𝑢𝑚𝑏𝑒𝑟⁡𝑜𝑓⁡𝑐𝑜𝑝𝑖𝑒𝑠 =
𝑛𝑔⁡ × (6.022 × 1023)

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟⁡𝑚𝑎𝑠𝑠⁡ × (1 × 109)
 

 

Where ng = ng of DNA, 6.022x1023 = Avogadro’s number, molecular mass = molecular 

mass of the DNA and 1x109 = conversion to ng. 
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2.16.3 Relative quantification of qPCR data 

Threshold (Ct) values and gene transcript copy numbers were determined from the standard 

curve of the qPCR standard dilution series using the Rotor-Gene Q Series Software version 

2.3.1 (Qiagen). The ratio of coxL gene transcription in the treatment vs the control was 

calculated using the ΔΔCt method (Livak and Schmittgen, 2001) and normalised to the 

reference genes pyrG and rpoB (equation 5). Pair-wise fixed reallocation randomisation tests 

(n 2000) were performed using REST 2009 software version 2.0.13 (Pfaffl et al., 2002). 

Calculated coxL copy number for each sample was normalised to the reference genes by 

dividing by a normalisation factor. The normalisation factor for each sample was calculated 

by dividing the geometric mean of the reference gene copy numbers by their grand geometric 

mean for each experimental time point (table 2.5). 

 

Equation 5.  Calculation of transcription fold change using the ΔΔCT method. 

∆𝐶𝑡𝑒𝑥𝑝 = (𝐶𝑡𝐺𝑂𝐼 − 𝐶𝑡𝑅𝐸𝐹) 

∆𝐶𝑡𝑐𝑜𝑛 = (𝐶𝑡𝐺𝑂𝐼 − 𝐶𝑡𝑅𝐸𝐹) 

∆∆𝐶𝑡 = (∆𝐶𝑡𝑒𝑥𝑝 − ∆𝐶𝑡𝑐𝑜𝑛) 

𝐹𝑜𝑙𝑑⁡𝑐ℎ𝑎𝑛𝑔𝑒 = 2−(∆∆𝐶𝑡) 

 

Where Ct = threshold values, exp = form experimental treatment, con = from control 

treatment, GOI = gene of interest and REF = reference gene (or the mean of reference genes 

if multiple). 
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Table 2.5. Calculation of normalisation factors for calculated gene copy number. 

Sample 

Ref gene 1 

(Xa) 

Ref gene 2 

(Xb) 

Geo mean 

(GM) 

Normalisation factor 

(NF) 

Sample 

1 Xa1 Xb1 GM1 NF1= GM1 / GGM 

Sample 

2 Xa2 Xb2 GM2 NF2= GM2 / GGM 

Sample 

3 Xa3 Xb3 GM3 NF3= GM3 / GGM 

 Grand geomean (GGM) GGM  
 

Sample Gene of interest copy No. (N) Normalised copy no. 

Sample 1 N1 N1 /NF1 

Sample 2 N2 N2 /NF2 

Sample 3 N3 N3 /NF3 

 

 

2.17 Sequencing 

For general purposes such as strain and primer target verification, purified amplicons were 

Sanger sequenced by Source BioScience in Rochdale, UK, following their standard protocol. 

Samples are prepared using the Applied Biosystems™ Big Dye® Terminator kit, v3.1 

(Thermo fisher), purified using a magnetic bead clean-up process and sequenced on an 

Applied Biosystems™ 3730xl DNA Analyser (Thermo fisher). DNA sequences were 

examined in Chromas (Technelysium Pty LTD) and verified using the National Center for 

Biotechnology Information (NCBI) basic local alignment search tool (BLAST) (Altschul et 

al., 1990). 

2.17.1 High-throughput sequencing: bacteria 16S rRNA encoding genes 

Bacterial 16S rRNA gene library preparation and sequencing were performed at the 

Integrated Microbiome Resource (IMR) at the Centre for Comparative Genomics and 

Evolutionary Bioinformatics (CGEB) (Dalhousie University, CA) as described by (Comeau 
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et al., 2017). DNA samples were PCR amplified and barcoded using gene specific fusion 

primers, the V4-V5 region of the bacterial 16S rRNA gene was targeted using primer set 

515F and 926R (Walters et al., 2016) with the addition of an Illumina Nextera adapter and 

indices. Amplicons were then verified, cleaned and normalised before being pooled to 

produce the sample library which was sequenced using the Illumina MiSeq platform. 

2.17.2 High-throughput sequencing: bacterial coxL Form I (coxL-2) genes 

DNA samples were PCR amplified targeting the coxL Form I gene with primer pair 

OMPF/SEQ and NGSR/SEQ. Both primers included the addition of a NextEra Illumina kit 

adapter sequence and a single base spacer to the 5’, in addition 12 random bases were added 

to the forward primer only (table 2.3). coxL amplicons were purified and sent to collaborator 

Dr Joe Taylor at the University of York, UK, for library preparation and sequencing. Purified 

amplicons were cleaned and size selected using Agencourt® AMPure® XP magnetic bead kit 

(Beckman Coulter). Amplicons were then barcoded, libraries prepared using the NextEra 

XT library prep kit (New England Biolabs) and sequenced on an Illumina MiSeq using the 

Illumina MiSeq v3 reagent kit. 

 

2.18 High-throughput sequence processing 

All sequences were processed using the Quantitative Insights Into Microbial Ecology 

(QIIME) software version 1.9.1 (Caporaso et al., 2010) workspace run on VirtualBox 

(Oracle).  

2.18.1 16S rRNA gene high throughput sequence processing 

Raw paired reads were first merged using the programme VSEARCH version 2.4.3 (Rognes 

et al., 2016). Using the programme USEARCH version 9 (Edgar, 2010), primers were 

trimmed from the reads (left 19 and right 20 bp) and quality filtering performed to discard 

reads less than 250 bp or with an expected error rate of > 5 %. The quality filtered reads 
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were truncated to 250 bp, de-replicated, singletons removed and sorted by size annotation 

before operational taxonomic units (OTUs) were clustered at 97 % similarity and chimeras 

removed. OTUs were mapped to the original merged reads and an OTU table created. 

Taxonomy was assigned to the OTUs from the SILVA database release 128 (Quast et al., 

2013) using the RDP Classifier 2.2 (Wang et al., 2007) and added to the OTU table using 

BIOM 2.1.6 (McDonald et al., 2012). Using QIIME, the OTU table was filtered to remove 

any OTUs assigned as eukaryote, archaea or organelles (e.g. chloroplasts) and normalised 

by rarefaction to allow comparison between samples. A phylogenetic tree was created from 

the OTU sequences using USEARCH. The tree and OTU table (filtered and rarefied) was 

then used with QIIME to make a weighted distance matrix using UniFrac metrics (Lozupone 

and Knight, 2005). 
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Figure 2.9. Flow chart showing bacterial 16S rRNA gene sequence processing pipeline 

detailing the programme and script used to carry out each step starting from raw reads (top) 

through to an OTU table and distance matrix (bottom) that are used for further analysis. 

Make phylogenetic tree (agglomerative)

Single rarefaction

QIIME 1.9.1 single_rarefaction.py

Filter taxa from table (eukaryotes and organelles)

QIIME 1.9.1 filter_taxa_from_otu_table.py

Add taxonomy to OTU table

BIOM 2.1.6 add-metadata

Assign taxonomy

RDP Classifier 2.2 (QIIME) assign_taxonomy.py

Map OTUs to reads and create OTU table

USEARCH 9 -usearch_global

Cluster OTUs and chimera removal

USEARCH 9 -cluster_otus

Sort by size annotation

USEARCH 9 -sortbysize

De-replicate reads and remove singletons

USEARCH 9 -derep_fulllength

Trim and re-label reads. Quality filter (max expected error 0.5 and 
truncate reads to 250bp)

USEARCH 9 -fastq_filter

Merge forward and reverse reads

VSEARCH 2.4.3 -fastq_mergepairs
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2.18.2 coxL Form I (coxL-2) high-throughput sequence processing 

For coxL Form I (coxL-2) gene sequences only the forward reads were used because the 

amplicon was too long for paired end analysis and the reverse reads were of poorer quality. 

Using the programme USEARCH version 9 (Edgar, 2010), random bases (left 13 bp) were 

trimmed from the forward reads and quality filtering performed, discarding any reads less 

than 175 bp or with an expected error rate of > 5 %. The quality filtered reads were truncated 

to 175 bp, de-replicated, singletons removed and sorted by size annotation before operational 

taxonomic units (OTUs) were clustered at 97 % similarity and chimeras removed. OTUs 

were mapped to the original merged reads and an OTU table created. To assign taxonomy, 

the OTU sequences were searched against the NCBI non-redundant protein database using 

BLASTx.  The OTU table was filtered to include only sequences with a hit to bona fide 

carbon monoxide dehydrogenase and normalised by rarefaction to allow comparison 

between samples. A phylogenetic tree was created from the CODH OTU sequences using 

USEARCH. The tree and OTU table (filtered and rarefied) was then used with QIIME to 

make a weighted distance matrix using UniFrac metrics (Lozupone and Knight, 2005). 

 

2.19 Limitations of high throughput sequencing 

Established genomic methods have been used in this thesis, however, there are always 

methodological limitations to consider. 16S rRNA gene approaches are the standard in 

bacterial identification but bias can be introduced during processing steps. DNA extraction 

can select easier to lyse cells like gram negative over gram positive bacteria. Bias can also 

be introduced during PCR amplification and by primer specificity due to the strength of 

binding at the annealing site and or downstream secondary structures during extension (Gohl 

et al., 2016, Comeau et al., 2017). Consequently all primer sets will under or over represent 

certain groups once OTU clustering has been performed. In these studies a mechanical and 
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chemical lysis step was employed to minimise any extraction bias. Amplicons were PCR-

amplified in duplicate using separate template dilutions and using high fidelity polymerase 

by the sequencing centre to produce the highest quality starting material for high through 

put sequencing. The V4-V5 region primers chosen for these studies were selected as the best 

choice based on the taxa that were expected e.g. the alternative V6-V8 region primers are 

known to over represent proteobacteria which feature abundantly in the data set (Comeau et 

al., 2017). Amplicons were sequenced using Illumina MiSeq technology which produces 

reads of a high quality. Using a paired end approach, strict quality filtering and normalisation 

of sequencing depth provides further confidence in the data produced.    

It must also be acknowledged that no process controls were used in these studies but 

should be considered in future studies where possible. Running replicate samples can help 

better identify what is a rare sequences from sequence errors. The inclusion of process blanks 

and kitome samples allows methodological contaminants to be identified and removed 

(Salter et al., 2014), and the inclusion of mock community samples will help to identify any 

sequencing bias (Yeh et al., 2018). Although independent process controls were not carried 

out here, the sequencing centre used to generate the data for this thesis has conducted testing 

of the of library preparation and sequencing protocol used, details can be found in Comeau 

et al., (2017).  

 

2.20 Statistics, data analysis and graphical representation  

Unless otherwise stated, all data were entered and edited in Microsoft Excel 2010. Data 

frames were stored as .xlsx, .csv or .tsv.  Graphical representations of data were generated 

using Microsoft Excel or using R version 3.2.2. Data-Interpolating Variational Analysis 

(DIVA) gridded section plots and station maps (Chapters 4 and 6) were created using Ocean 



 

83 

 

Data View version 4 (Schlitzer, 2015). The station map for Chapter 5 was created in ArcGIS 

version 10.3 using longhurst_v4_2010 shape file.  

2.20.1 Sequence analysis 

For the analysis of small groups of sequences (e.g. Sanger results and BLAST hits etc.), 

alignments were made using Multiple sequence comparison by log-expectation (MUSCLE) 

(Edgar, 2004) in Molecular evolutionary genetics analysis (MEGA) version 6 (Tamura et 

al., 2013). Phylogenetic analysis was also carried out in MEGA6 and edited in Dendroscope 

version 3.5.9 (Huson and Scornavacca, 2012). 

2.20.2 High throughput sequence data analysis  

Processed sequences from high-throughput sequence runs were analysed in R version 3.2.2  

(R-Core-Team, 2015) for packages and programmes used see table 2.6a and QIIME version 

1.1.9 (Caporaso et al., 2010) for commands used see table 2.6b. 
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Table 2.6.  Details of statistical analyses carried out in a) R and b) QIIME. 

a. 

Software Package Function Reference 

R version 3.2.2 

vegan 

anova.cca 

spantree 

dbrda 

(Oksanen et al., 

2013) 

stats 
cmdscale 

t.test 

(R-Core-Team, 

2015) 

Hmisc rcorr (Harrell Jr, 2016) 

 

b 

Software Test command Reference 

QIIME version 

1.1.9 

PERMANOVA compare_categories.py (Caporaso et al., 

2010) G-TEST group_signifcance.py 
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Chapter 3 

Carboxydovory in the ecologically-relevant 

model marine bacterioplankton Ruegeria 

pomeroyi DSS-3 
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3.1 Introduction 

Aerobic bacterial carbon monoxide (CO) utilisation has been studied for several decades and 

has focused principally on carboxydotrophy in the model bacteria Oligotropha 

carboxidovorans and Pseudomonas carboxydohydrogena, which utilise CO as a source of 

assimilatory carbon and energy (Meyer and Schlegel, 1983, King and Weber, 2007). Carbon 

monoxide dehydrogenase (CODH) is the key enzyme in the utilisation of CO by 

carboxydotrophic bacteria and is encoded by the genes coxS, M and L (Meyer et al., 1993). 

CODH is a molybdenum-containing oxidoreductase that is associated with the inner aspect 

of the cytoplasmic membrane and respiratory chain in O. carboxidovorans, reacting CO with 

H2O to produce CO2 and conserved reducing power (Meyer et al., 1993). Carboxydotrophs 

subsequently assimilate the CO-derived CO2 through the Calvin Benson Bassham Cycle via 

ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and use the electrons through 

the electron transfer chain to reduce a dioxygen terminal acceptor and produce ATP (Meyer, 

1989).  

 Principally through genome sequence analysis and molecular ecology studies, a 

second functional group of aerobic CO-utilising bacteria has been more recently identified 

that are termed carboxydovores (King, 2003, King and Weber, 2007). Even though 

carboxydovores can readily oxidise CO, they are unable to assimilate the resulting CO2 

because they lack RuBisCO and/or the higher CO concentrations that are typically used to 

grow carboxydotrophs are inhibitory (King, 2003, King and Weber, 2007).  

Carboxydovory appears to be particularly prevalent in some heterotrophic marine 

bacterioplankton groups, including the abundant and ecologically important Marine 

Roseobacter Clade (MRC), with CO proposed to be utilised chemolithoheterotrophically as 

a supplementary energy source (Newton et al., 2010). Marine bacterioplankton 

carboxydovory is biogeochemically important because microbial oxidation is the dominant 
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CO sink in seawater, accounting for up to 86 % of the CO produced by photolysis of organic 

matter and subsequently diminishing the potential impact of marine-derived CO on 

atmospheric processes (Zafiriou et al., 2003).  

 Ruegeria pomeroyi DSS-3 (basonym Silicibacter pomeroyi) is a member of the MRC 

and one of the first groups of carboxydovores identified (Moran et al., 2004, King, 2003). R. 

pomeroyi DSS-3 has become a well-established model bacterioplankton and has been used 

to help elucidate the biological mechanisms that underpin a range of marine biogeochemical 

and ecological processes, including elemental cycling e.g. (Cunliffe, 2016, Todd et al., 2011) 

and microbe-microbe interaction e.g. (Christie-Oleza et al., 2017).  

The R. pomeroyi DSS-3 genome contains two different cox gene operons (Form 1 

and Form 2) and lacks RuBisCO (Moran et al., 2004). The R. pomeroyi DSS-3 Form 1 cox 

genes are homologous to the verified CODH-encoding cox genes in the well characterised 

carboxydotrophs O. carboxidovorans and P. carboxydohydrogena. The Form 2 is a putative 

CODH, with function inferred from sequence similarity with the Form I coxL gene encoding 

the large catalytic subunit of CODH (King, 2003, King and Weber, 2007). From a study of 

nine MRC strains (including R. pomeroyi DSS-3) with genomes that contain either both 

forms or only the Form 2, only strains that had both the Form 1 and the Form 2 cox operons 

could oxidise CO. MRC strains with only the putative Form 2 CODH encoding genes could 

not oxidise CO under the conditions tested (Cunliffe, 2011). 

 Even though R. pomeroyi DSS-3 has been shown to readily oxidise CO (King, 2003, 

Moran et al., 2004, Cunliffe, 2013), the physiological effects of CO oxidation on R. pomeroyi 

or any other marine bacterioplankton remain poorly understood. Given that marine 

bacterioplankton CO oxidation appears widespread based on genome/metagenome (Moran 

et al., 2007, Newton et al., 2010) and biogeochemical evidence (Zafiriou et al., 2003), there 

are still substantial gaps in our understanding of the principal underpinning biological 

mechanisms controlling potential CO-supported chemolithoheterotrophy. The aims of this 
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study were to address these knowledge gaps by focusing on the following specific research 

questions; is there a physiologically beneficial response (i.e. chemolithoheterotrophy) to CO 

oxidation in R. pomeroyi, and what is the supporting molecular machinery (i.e. mRNA and 

proteins/enzymes) involved in sustaining R. pomeroyi CO-oxidation and potential CO-

supported chemolithoheterotrophy. 

 

3.2 Results 

3.2.1 Impacts of CO on growth and organic carbon starvation response 

The effect of CO on the growth of R. pomeroyi DSS-3 was examined in marine ammonium 

minimal salts (MAMS) medium with 10 mM glucose. CO was added at 10 % of the 

headspace volume and compared to the ambient air only control. Growth was measured via 

optical density (OD600) and showed that there was no significant difference in growth rate 

(µ) between the CO-exposed cultures (µ 0.11 ± 0.001) and the control cultures (µ 0.10 ± 

0.007) (Welch's t-test p =0.33) during the exponential phase. The CO-exposed cultures, 

however, achieved greater final biomass in the stationary phase when glucose became 

depleted compared to the control cultures (Welch's t-test p =0.03) (figure 3.1a).  

To further determine the impact of CO oxidation on organic carbon starved R. 

pomeroyi DSS-3, cultures were grown in MAMS medium with 10 mM glucose to mid- 

exponential phase (OD600 0.5-0.8), washed and re-suspended in glucose-free MAMS 

medium. The addition of CO (10 % headspace volume) caused R. pomeroyi DSS-3 to 

maintain significantly greater biomass (Welch's t-test p =0.02) compared to the control 

cultures exposed to ambient after 42 hours for up to 97 hours (figure 3.1b).        
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Figure 3.1. Growth of R. pomeroyi DSS-3 on MAMS with a) 10 mM glucose and b) no 

additional carbon source, over time in hours.  0 % control contains ambient air, 10 % 

treatment contains 10,000 ppm CO addition to the flask headspace. Values represent means 

(n 4), error bars represent standard deviation. Symbol * shows significant p <0.05 time points 

calculated by Welch’s t-test. 
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To confirm that 10% CO does not also have a positive effect on a MRC bacterium 

without the Form 1 cox genes (i.e. Form 2 only), growth was also assessed in Sagitulla 

stellata E37 and showed no evidence of CO oxidation or change in growth parameters 

(figure 3.2).  

 

 

Figure 3.2. Growth of S. stellata E37 with MAMS with 10 mM glucose over time (in hours). 

0 % control contains ambient air, 10 % treatment contains 10,000 ppm CO addition to the 

flask headspace. Values represent means (n 3), error bars represent standard deviation. 
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96 hours during the organic carbon starvation experiment (figure 3.1b). RT-qPCR analysis 

of coxL mRNA transcripts normalised against mRNA transcripts of the ‘housekeeping’ 

genes pyrG and rpoB, showed that coxL transcription was significantly increased in the 

presence of CO after 72 hours (figure 3.3a) coinciding with the significantly increased 

biomass (figure 3.1a). The same RT-qPCR analysis performed on the RNA extracted from 

the organic carbon starvation experiment, showed that after 96 hours coxL transcription was 

significantly increased in the presence of CO compared to the control (i.e. ambient air) 

(figure 3.3b).           
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Figure 3.3. Normalised relative gene transcription of the coxL Form I gene from R.pomeroyi 

during a) growth on 10 mM glucose and b) during carbon starvation. p values (* = p < .001) 

are derived by pair-wise fixed reallocation randomisation test (n 2000). Error bars represent 

95 % confidence interval and crosses and numbers show mean transcription ratio in the plus 

CO treatment compared to the no CO control. 
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3.2.3 Impact of CO on the R. pomeroyi DSS-3 proteome 

The proteins SPO2397, SPO2398 and SPO2399 (carbon monoxide dehydrogenase, CODH) 

that are encoded by the Form 1 genes coxL, coxS and coxM respectively, significantly 

increased in the presence of CO at 10 % of the headspace volume compared to the ambient 

air only control (student t-test p <0.05) (figure 3.4a and figure 3.5a). The other associated 

proteins encoded through the CODH operon (operon 1606), namely SPO2393 (coxG), 

SPO2394 (coxF), SPO2395 (coxE) and SPO2396 (coxD) were also significantly increased 

in abundance in the presence of 10 % CO compared to the control (student t-test p <0.05) 

(figure 3.4a and figure 3.5a).  

 In the glucose-starved samples, the R. pomeroyi proteomes from the cells exposed to 

10 % CO showed reduced expression of the CODH operon proteins (figure 3.5a) compared 

to the proteomes from the exponential phase grown cells (figure 3.5a). However, when 

compared to the control glucose-starved cells (i.e. ambient air), the CODH proteins 

SPO2397 (coxL), SPO2398 (coxS) and SPO2399 (coxM) were still significantly higher 

(student t-test p <0.05) in the presence of 10% CO. as were, SPO2393 (coxG) and SPO2394 

(coxF) (figure 3.4b and figure 3.5a).      

The control ‘housekeeping’ proteins SPO1312 (CTP synthase) and SPO3508 (DNA-

directed RNA polymerase beta subunit), which are encoded by the genes pyrG and rpoB 

respectively, showed no difference in expression between treatments (figure 3.5b), matching 

the associated mRNA abundances (figure 3.6).  
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Figure 3.4. Volcano plot of statistical significance against fold change between the 10 % CO 

treatment and no CO control. Differentially expressed genes, coxS (SPO2398), coxM 

(SPO2399), coxL (SPO2397) of CODH are highlighted along with other CODH operon 

genes coxG (SPO2393), coxF (SPO2394), coxE (SPO2395) and coxD (SPO2396). 
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Figure 3.5. a) Relative abundance of carbon monoxide dehydrogenase (CODH) proteins 

SPO2398 (coxS), SPO2399 (coxM), SPO2397 (coxL), and other CODH operon proteins 

SPO2393 (coxG), SPO2394 (coxF), SPO2395 (coxE) and SPO2396 (coxD). b) Relative 

abundance of housekeeping proteins SPO1312 (pyrG) and SPO3508 (rpoB). 
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Figure 3.6. Mean (n 4) mRNA copies per ng of RNA for target gene coxL and housekeeping 

genes pyrG and rpoB in the 10 % CO treatment and no CO control for growth (10 mM 

glucose) and carbon starvation experiments.  
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3.2 Discussion 

The results presented here have demonstrated a sustained increase in R.pomeroyi DSS-3 

biomass through CO oxidation during stationary growth phase (i.e. when organic carbon was 

depleted), and greater maintained biomass of carbon starved cells also through CO oxidation. 

Both responses to CO show empirically that R.pomeroyi DSS-3 is able to utilise CO 

chemolithoheterotrophically. mRNA RT-qPCR and proteome analysis show that the Form 

1 CODH is active at both the transcript and protein level during CO chemolithoheterotrophy.    

Previous studies have demonstrated similar effects of CO on the growth of 

carboxydotrophs, which unlike carboxydovores have the ability to grow autotrophically, 

assimilating CO2 from CO-oxidation (Meyer and Schlegel, 1978, Krüger and Meyer, 1984). 

When grown on organic substrates in addition to CO, carboxydotrophs (e.g. Acinetobacter) 

can grow mixotrophically assimilating organic and CO-derived carbon simultaneously (Kim 

and Kim, 1989). Some bacteria (e.g. Pseudomonas carboxydoflava) can grow 

chemolithoheterotrophically, using CO-oxidation only as an additional energy source and 

allowing more efficient use of organic substrates (Kiessling and Meyer, 1982). Even in the 

most efficient CO autotrophs, almost all CO is converted to CO2 as an energy source and 

only 4-16% is further assimilated into cell carbon (Zavarzin and Nozhevnikova, 1977, Meyer 

and Schlegel, 1978). The observation that autotrophic growth on CO is slower than 

mixotrophic or chemolithoheterotrophically growth with CO (Meyer and Schlegel, 1978, 

Kiessling and Meyer, 1982) coupled with the small amount of cell biomass derived from 

CO-oxidation implies that the primary role of CO-oxidation in CO-oxidising bacteria is as 

an energy source.  

In this study, the effect of CO on R.pomeroyi DSS-3  biomass was only detectable at 

relatively high CO concentrations and evident only during stationary growth phase once the 

organic carbon source (i.e. glucose) had been depleted, or during deliberate carbon 

starvation. This suggests the effect of CO on bacterial growth in carboxydovores is far 
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subtler than in carboxydotrophs, and supports the hypotheses suggesting that CO-oxidation 

in carboxydovores is used as complementary fitness strategy. This may also explain why 

previous studies did not detect any significant effects of CO on carboxydovore growth, 

including R.pomeroyi DSS-3, which used lower CO headspace concentrations (King, 2003, 

Cunliffe, 2013).   

The 10% headspace volume CO concentration used in this study has limited 

environmental relevance because naturally occurring equivalent CO concentrations are only 

found in a few niche environments such as hydrothermal vents (Lilley et al., 1982). 

However, this concentration was used because this was the only condition in which CO-

dependent chemolithoheterotrophically growth was detectable. High biomass was also 

needed for mRNA RT-qPCR and proteome analysis. The highest concentrations recorded in 

the marine environment exist in productive coastal surface waters (~15 nM) and are lower 

for the open ocean (~2 nM) (Tolli and Taylor, 2005). We were unable to detect the effects 

of CO at lower, more environmentally relevant concentrations ≤ 1% (results not shown).   

CODH is conserved throughout the otherwise taxonomically and phenotypically 

diverse CO-oxidiser group, including autotrophic, mixotrophic and chemolithoheterotrophic 

utilisers (Kang and Kim, 1999). However, based on the response to CO in R.pomeroyi DSS-

3 and the low concentration of CO in seawater, CO-dependent chemolithoheterotrophy is 

more likely a mechanism that allows a population to be sustained rather than one to 

proliferate in the marine environment. Recent studies have hypothesised that core members 

of marine bacterial communities are persistent throughout time and vary not by presence or 

absence but by abundance in response to environmental factors (Caporaso et al., 2012, 

Gibbons et al., 2013). The ability to oxidise CO may be an ecological trait that allows 

specific bacterial populations to exist in low numbers in the ‘microbial seed bank’ during 

less favourable conditions. This strategy would be advantageous in temperate coastal and 

shelf seas, which are well known for seasonal cycles in productivity and associated changes 
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in bacterial community structure (Chapter 4). These ecosystems also have the highest 

reported CO-production and oxidation rates (Jones, 1991, Jones and Amador, 1993).  

In recent years, genomic studies have revealed a diversity of coxL genotypes within 

marine bacterioplankton (Tolli et al., 2006, Weber and King, 2007, Cunliffe et al., 2008). Of 

particular magnitude is the prevalence of coxL genes in the MRC (Cunliffe, 2011, Tolli et 

al., 2006), a metabolically diverse and ubiquitous group of marine bacteria (Buchan et al., 

2005). As such, the MRC are likely involved in the significant marine CO sink (Cunliffe, 

2011), and potentially represent an underestimated component of the marine 

photochemically mediated carbon cycle.  

In conclusion, I have linked CO-oxidation specifically with coxL Form I gene 

function and shown chemolithoheterotrophy in the model MRC CO-oxidiser R. pomeroyi 

DSS-3. These findings can be used to infer function from the presence of coxL Form I genes 

(Chapter 4) in natural bacterioplankton communities, allowing for a better understanding of 

the distribution and diversity of CO-oxidisers in the marine environment.  
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Chapter 4  

Seasonal diversity of bacterioplankton and 

coxL genes: a time series study at the 

coastal Station L4 and open shelf Station 

E1 in the Western English Channel 
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4.1 Introduction 

4.1.1 Seasonal diversity of bacterioplankton communities in temperate coastal seas 

Heterotrophic bacterioplankton have major roles in nutrient and elemental fluxes, re-

mineralising up to 50% of phytoplankton derived organic matter (DOM) via the microbial 

loop (Azam, 1998, Ducklow, 2000). One of the major hurdles in modelling global fluxes is 

the ability to upscale local observations to predict broad scale processes due to high spatial 

and temporal variation in microbial assemblages (Azam and Malfatti, 2007). Shifts in 

bacterioplankton community composition in response to changes in environmental 

conditions occur throughout the marine environment over multiple timescales and have been 

recently reviewed (Fuhrman et al., 2015, Bunse and Pinhassi, 2017). Some of the greatest 

variation in bacterioplankton diversity occurs in coastal ecosystems, which in contrast to the 

open ocean, are highly dynamic (Longhurst et al., 1995). Coastal seas represent only a small 

fraction of the total global ocean (~7 % by surface area) (Frankignoulle and Borges, 2001), 

but are highly productive accounting for ~19 % of net primary production (Field et al., 1998). 

Consequently, the processes that are occurring in coastal ecosystems are important in 

understanding global-scale biogeochemical cycles. 

The majority of seasonal-scale bacterioplankton succession studies have been 

conducted in northern hemisphere temperate regions (Bunse and Pinhassi, 2017). By far the 

most comprehensive of these studies have been carried out at time series stations in the North 

Sea (Teeling et al., 2016) and the Western English Channel (Gilbert et al., 2012), which have 

shown seasonal patterns in bacterioplankton succession to be annually recurrent (Gilbert et 

al., 2012, Teeling et al., 2016). Generally, coastal bacterioplankton communities are 

dominated by Alphaproteobacteria, Bacteroidetes and Gammaproteobacteria taxa (Zinger 

et al., 2011). These core dominant phyla exhibit seasonal changes in their abundance at both 

low and high taxonomic resolution (Schauer et al., 2003, Mary et al., 2006a) according to 
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ecological niche optima (Caporaso et al., 2012, Gibbons et al., 2013), with changes driven 

by complex interactions of abiotic and biotic variables such as temperature, light, inorganic 

nutrients, organic substrates, phytoplankton and other biological interactions that control 

mortality (Rodríguez et al., 2000, Gilbert et al., 2012). The extents to which these drivers 

directly influence the succession of specific bacterioplankton populations still remain poorly 

resolved (Bunse and Pinhassi, 2017).  

Typically, winter is characterised by water column mixing, high nutrients, low 

temperatures, low light and low primary productivity. Bacterioplankton are lower in 

abundance and dominated by oligotrophs such as Pelagibacterales (SAR11) and 

Prochlorococcus. Spring is characterised by high inorganic nutrient levels following winter 

mixing and coastal input (e.g. estuarine), increasing temperature and increasing light, which 

increases phytoplankton primary productivity. Subsequently bacterioplankton abundance 

increases in response to the organic substrates made available from the spring phytoplankton 

bloom. Spring bacterioplankton communities are typically dominated by copiotrophs, such 

as Flavobacteriales and Rhodobacterales. During summer, high temperatures can lead to 

water column thermal stratification, and inorganic nutrients are depleted by the spring 

phytoplankton bloom resulting in lower primary productivity. Summer bacterioplankton 

communities are characterised by increasing abundances of Rhodobacterales, 

Gammaproteobacteria and SAR11. During autumn, temperature begins to decrease and 

thermal stratification breaks down releasing nutrients that have regenerated over summer in 

underlying water triggering a secondary phytoplankton bloom. In the bacterioplankton 

community, SAR11 abundance continues to increase, while Rhodobacterales abundance 

decreases and a second peak in Flavobacteriales abundance appears in response to the 

increase in primary productivity (Rodríguez et al., 2000, Alonso-Sáez et al., 2007, Caporaso 

et al., 2012, Gilbert et al., 2012). 
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Seasonal bacterioplankton succession in temperate coastal environments has almost 

exclusively been studied in surface waters (table 4.1), with relatively little known about 

community dynamics vertically throughout the water column. The stratification of microbial 

populations has been shown in oceanic environments (Giovannoni et al., 1996, Field et al., 

1997, DeLong et al., 2006, Treusch et al., 2009), and is thought to be related to eukaryotic 

phytoplankton distribution (Treusch et al., 2009) and local hydrological influences such as 

fronts, mixing and thermal stratification processes (Casotti et al., 2000, Treusch et al., 2009). 

Although coastal shelf seas are shallow in comparison to the open ocean, processes such as 

vertical mixing and stratification are present and likely to influence the vertical structure of 

bacterioplankton communities (Salter et al., 2014, Lindh et al., 2015). 

Bacterioplankton are also known to vary along productivity gradients (Horner-

Devine et al., 2003, Traving et al., 2017). Given the diversity and dynamic nature of coastal 

environments (Longhurst et al., 1995), and their proximity to terrestrial and anthropogenic 

influences, the physicochemical drivers of bacterioplankton community structure are likely 

to vary over a conserved spatial area. Very few studies have compared seasonal 

bacterioplankton succession at more than one study site at the same time (table 4.1). Those 

that have suggest that temporal variation is stronger than spatial variation, but either lack 

high temporal resolution (Feng et al., 2009) or pre-date contemporary high-throughput 

sequencing (HTS) technologies (Rooney-Varga et al., 2005). Caporaso et al., (2012) and 

Gilbert et al., (2012) suggested that riverine and other hydrological influences are not 

significant in determining seasonal succession. Conversely, a study by Taylor et al. (2014) 

at the same location showed the similarity between nearby estuarine and coastal sites varied 

over a spring bloom. In addition, Alonso-Sáez et al. (2007) concluded that the high 

abundance of SAR11 in the Mediterranean compared to other coastal sites could be due to 

oceanic influence. 
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Table 4.1. Literature investigating bacterioplankton dynamics in northern hemisphere 

temperate coastal seas. 

Reference Location Province 
Spatial resolution Temporal resolution 

Method 
Sampling Site Depth Frequency Duration 

(Wright and 

Coffin, 1983) 

N 

Massachusetts 

NWCS 

Essex, 

Ipswich and 

parker 

estuaries 

1 m 

Monthly (every 

45 min High - 

Low Tide), 

seasonally 

1 year 
Enumeration, 

activity 

(Campbell et al., 

2009) 
Delaware Delaware Bay Surface Monthly 2 years 

DGGE, 

sequencing 

(Rooney-Varga et 

al., 2005) 

SW Bay of 

Fundy 
6 Stations Surface Bimonthly Feb-Sep 00 

DGGE, 

sequencing 

(Feng et al., 2009) 
East China 

Sea 
CHIN 

9 Stations (2 

sites estuary 
& coastal) 

Surface, 
sediment 

Seasonally 
May & Oct 
07 

Sequencing 

(Schauer et al., 

2003) NW 

Mediterranean 
MEDI 

Blanes Bay Surface 

Monthly 

(Weekly Feb-

Mar) 

Dec 97 - 

Dec 98 

DGGE, 

sequencing 

(Alonso-Sáez et 

al., 2007) 
Blanes Bay Surface Monthly 

Mar 03 - 

Mar 04 

DGGE, CARD-

FISH, RFLP 

(Sapp et al., 2006) 

North Sea 

NECS 

Helgoland 

Roads 
1 m Fortnightly  

Feb-May 

2004 

DGGE, 

sequencing 

(Alderkamp et al., 

2006) 

Royal 

Netherlands 

Institute for 

Sea Research 

(NIOZ) 

Surface Monthly Mar-Aug 04 

CARD-FISH, 

microautoradiog

raphy 

(Teeling et al., 

2012) 

Helgoland 

Roads 

Kabeltonne  

Surface Twice weekly 
Jan 09-Jan 

10 

CARD-FISH, 

HTS (16S 

rRNA, 

metagenome, 

metaproteome) 

(Klindworth et al., 

2014) 
Surface Weekly Feb-Sep 09 

HTS (16S 

rRNA) 

(Teeling et al., 

2016) 
Surface 

Biweekly, 

Bimonthly 

Jan 09-Jan 
10,  Jan 10 - 

Dec 12 

CARD-FISH, 
HTS (16S 

rRNA, 

metagenome) 

(Alonso-Saez et 
al., 2015) 

Bay of Biscay Station E2 Surface Monthly  
Jul 09-Dec 
12 

HTS (16S 
rRNA) 

(Pinhassi and 

Hagström, 2000) 

Baltic Sea 

Station NB1 4 m 
Twice monthly,  

monthly 
Mar-Nov 95 

Enumeration, 

activity 

(Andersson et al., 

2010) 

Landsort Deep 

station 
3 m Every 1-3 weeks 

May 03 - 

May 04 

HTS (16S 

rRNA) 

(Lindh et al., 

2015) 

Linnaeus 

Microbial 

Observatory 

(LMO) 

2 m Twice weekly 2011 
HTS (16S 

rRNA) 

(Rodríguez et al., 

2000) 

Western 

English 

Channel 

Western 
Channel 

Observatory 

(WCO) 

Station L4 

10 m Weekly 
Oct 92- Jan 

94 
Enumeration 

(Mary et al., 

2006a) 
2 m Weekly 

Aug 03 – 

Aug 04 

Enumeration, 

FISH 

(Gilbert et al., 

2009) 
Surface Monthly 

Feb – Dec 

07 

HTS (16S 

rRNA) 

(Gilbert et al., 

2010b) 
Surface Monthly 

Jan 03-Dec 

08 

HTS 
(Metagenome, 

metatranscripto

me) 

(Gilbert et al., 

2010a) 
0-2 m Monthly 

Jan 03-Dec 

08 

HTS (16S 

rRNA, 

metagenome, 

metatranscripto

me) 

(Caporaso et al., 

2012) 
Surface Monthly 

Jan 03-Dec 

08 

HTS (16S 

rRNA) 

(Gilbert et al., 

2012) 
Surface Monthly 

Jan 03-Dec 

08 

HTS (16S 

rRNA) 

(Taylor et al., 

2014) 

WCO Station 

L4, Plym and 

Tamar 

estuaries 

Microlayer, 

2 m 
Twice weekly 

Feb-Jul 

2012 

HTS (16S 

rRNA) 



 

105 

 

4.1.1 Functional diversity of bacterioplankton communities in temperate coastal seas 

Copiotrophs such as Rhodobacterales, Flavobacteriales and members of the 

Gammaproteobacteria are abundant in coastal bacterioplankton communities especially in 

spring when primary productivity is high (Gilbert et al., 2012, Teeling et al., 2012, Teeling 

et al., 2016,). Although often referred to as generalists (Mou et al., 2008, Newton et al., 

2010), these phylogenetic groups preferentially degrade different organic substrates 

(Sarmento and Gasol, 2012) and are metabolically diverse. Consequently, they play an 

important role in re-mineralising the large flux of organic matter following phytoplankton 

blooms (Buchan et al., 2014). The metabolic traits of individual taxa are hypothesised to 

play a role in the structuring of bacterioplankton communities (Bryson et al., 2017, Bunse 

and Pinhassi, 2017), however, currently little is known about the functional diversity or the 

specific mechanisms of carbon and energy acquisition utilised by many of these taxa 

(Buchan et al., 2014). Only a handful of coastal succession studies have characterised the 

functional diversity of the community (Gilbert et al., 2010a, Gilbert et al., 2010b, Teeling et 

al., 2012, Klindworth et al., 2014). 

The Marine Roseobacter Clade (MRC), dominant members of the Rhodobacterales 

(Pujalte et al., 2014), possess multiple mechanisms of carbon and energy acquisition 

(Buchan et al., 2005, Moran et al., 2007). Due to their cultivability, many of these 

mechanisms have been characterised in model organisms (Buchan et al., 2005, Moran et al., 

2007, Newton et al., 2010), however, assigning ecological function to in situ phylogenetic 

diversity data remains difficult as often the presence of functional genes vary between MRC 

genomes (Newton et al., 2010). The specific example used in this study is carboxydovory, 

the oxidation of carbon monoxide (CO) as a supplementary energy source (see Chapter 3). 

Existing surveys of the coxL gene functional marker for CO-oxidation have identified a high 

abundance of potential CO-oxidisers among the MRC (Cunliffe, 2011, Tolli et al., 2006) and 

suggest the ability is unevenly distributed among the clade (Cunliffe, 2011).  



 

106 

 

CO in seawater is produced by the photodegradation of DOM, with up to 86% 

(equivalent to ~70Tg of carbon per year globally) of the CO produced oxidised by 

bacterioplankton to CO2 (Zafiriou et al., 2003, Stubbins et al., 2006) and, with the production 

and consumption of seawater CO greatest in productive waters such as coastal seas (Conrad 

and Seiler, 1980, Jones, 1991, Jones and Amador, 1993). CO-oxidation by carboxydovores 

is a form of chemolithoheterotrophy and provides an energetic advantage facilitating more 

efficient exploitation of organic substrates (King, 2003, Moran et al., 2004). This trait may 

influence bacterioplankton community structure by facilitating higher biomass production 

during bloom conditions or by prolonging survival during suboptimal conditions (Chapter 

3).  

In the current study, bacterioplankton diversity was characterised over a spring 

phytoplankton bloom from three different depths at the coastal Station L4 and, for the first 

time, at open-shelf Station E1 in the Western English Channel. The study aim was to provide 

insight into depth resolved community dynamics as well as making a comparison between 

the bacterioplankton communities present at the two stations, testing the hypothesis that 

bacterioplankton communities differ vertically as well as temporally in response to seasonal 

stratification and mixing processes at the WCO (Southward et al., 2005, Smyth et al., 2010). 

And in addition, investigating whether the pattern of bacterioplankton seasonal succession 

differed between Station L4, which receives greater influence from the local river system, 

and Station E1, which receives greater influence from Atlantic water masses (Southward et 

al., 2005, Smyth et al., 2010).  

Furthermore, this study also attempts novel high-throughput functional gene 

sequencing, investigating a subset of samples for potential CO-oxidising bacterioplankton 

using a trait based approach to characterise the diversity of carboxydovores over a spring-

summer seasonal transition. Testing the hypotheses that CO-oxidising genes will be present 
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at the WCO and that the MRC's will contribute heavily to the CO-oxidising community 

following the spring phytoplankton bloom.  

 

4.2 Methodology in brief (full materials and methods in Chapter 2) 

4.2.1 Sampling sites 

Station L4 and Station E1 are principle fixed sampling locations in the Western English 

Channel (figure 4.1) forming part of the Western Channel Observatory (WCO) time series 

programme, which has been recording the physical, chemical and biological characteristics 

of the Western English Channel since 1888 (Southward et al., 2005). Station L4 (Lat 50.25, 

Lon -4.22) is located 14 km south from Plymouth (UK) and Station E1 (Lat 50.03, Lon -

4.36) is located 40 km south from Plymouth (UK). Both stations are influenced by tidal 

processes (Pingree, 1980) and are generally seasonally stratified from April through to 

September (Smyth et al., 2010). The biological characteristics at L4 and E1 display seasonal 

patterns which are strongly influenced by local meteorological and hydrographic conditions 

(Eloire et al., 2010, Widdicombe et al., 2010, Highfield et al., 2010, Gilbert et al., 2012). 

Station L4 is coastal (depth 50 m) and is strongly influenced by periodic riverine inputs from 

the Tamar estuary (Rees et al., 2009, Smyth et al., 2010), whereas Station E1 is an open shelf 

station (depth 75 m) that is less influenced by land-sea exchanges and, based on salinity 

measurements, thought to be influenced more by the North Atlantic Ocean (Laane et al., 

1996, van Leussen et al., 1996).  
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Figure 4.1. Location of Western Channel Observatory time series stations L4 and E1. 

 

4.2.2 Sampling strategy. 

1 L of seawater was collected from 1 m, 25 m (L4)/30 m (E1) and 50 m (L4)/60 m (E1) 

between 09:00 and 11:00 am GMT using a 10 L Niskin bottle. Samples were collected into 

1 L aged sterile plastic bottles that were rinsed with sample water x3 prior to filling. Seawater 

samples were immediately filtered onto sterile 0.2 µm cellulose nitrate membranes. Each 

depth was filtered simultaneously in replicates of four using a 6 funnel filter manifold and 

vacuum pump. Membranes were transferred using sterile forceps into 1.5 mL autoclaved 

centrifuge tubes and frozen on dry ice before being stored at -80 °C on return to the 

laboratory. 
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4.3 Results 

4.3.1 Physicochemical and general plankton characteristics at the Western Channel 

Observatory 

Environmental metadata was obtained from the Western Channel Observatory, the majority 

of which was concurrent with water sampling for the bacterial analysis with the exception 

of a few data points that were collected a day or two before or after seawater sampling (table 

2.2). During the 2015 spring-summer study period, seawater temperature at both stations 

increased steadily from 9 °C in March to 16 °C in July, with thermal stratification appearing 

in late April at Station L4 (surface-bottom ≥0.5 °C) and by early June (surface-bottom ≥1 

°C) at Station E1 (figure 4.2a). Salinity at Station L4 was variable, but overall increased 

from March to July and ranged from 35.09–35.35 PSU. In contrast, salinity at Station E1 

was more uniform and ranged from 35.25–35.43 PSU, decreasing slightly from March to 

July. The upper 20 m became fresher than the underlying water column from late April at 

Station L4 and late May at Station E1 (figure 4.2b). Seawater oxygen ranged from 231.9–

296.2 µM at Station L4 with peaks in March and April, and from 236.6–290.7 µM at Station 

E1 with a peak in April. Oxygen was also higher in the upper 20 m than the underlying water 

column from June onwards at both stations (figure 4.2c). Two main fluorescent peaks were 

observed at Station L4, the first appeared throughout the water column in early April and a 

second more intense peak was seen between 25 and 50 m from late April to early May. The 

fluorescent signal remained at approximately 1 FSU throughout May and was very low 

throughout June with a surface peak seen in July. A peak in fluorescence was present 

throughout April at Station E1, but was otherwise low, except for two small intense peaks 

seen in the mid water column mid-June and Late July (figure 4.2d). 
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Figure 4.2. Data-Interpolating Variational Analysis (DIVA) gridded section plots showing 

physicochemical data for stations L4 and E1 measured weekly (L4) and fortnightly (E1) 

during 2015. a) temperature [°C], b) salinity [PSU], c) photosynthetically available radiation 

(PAR) [µE m-2 S-1] and d) oxygen [µM]. Depth [m] on the Y axis vs. Julian day on the X 

axis. Black symbols (•) represent the day and vertical position of water samples analysed in 

this study. 
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Key nutrients nitrite, nitrate and phosphate all decreased from March to July, with nitrite and 

nitrate becoming depleted from late April at Station L4 and from early April at Station E1. 

Phosphate was not depleted until late June at Station L4 and early June at Station E1. All 

three nutrients were completely depleted below the detection limit in the upper water column 

from late May at Station L4 and early May at Station E1 (figure 4.3).  

 

Figure 4.3. Data-Interpolating Variational Analysis (DIVA) gridded section plots showing 

nutrients data [µM] for stations L4 and E1 measured weekly (L4) and fortnightly (E1) during 

2015. a) nitrate, b), nitrite, c) ammonia and d) phosphate. Depth [m] on the Y axis vs. Julian 

day on the X axis. Black symbols (•) represent the day and vertical position of water samples 

analysed in this study. 
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Phytoplankton and zooplankton counts were only available from a 10 m depth. 

Phytoplankton abundance at both stations peaked in April and July with a smaller peak also 

observed in May. Phytoplankton abundance was dominated by phytoflagellates, which 

accounted for >70% relative abundance (RA) of the community in any one month at both 

stations (figure 4.4a). However, the distribution of phytoplankton groups was more 

informative when quantified by biomass. At Station L4, diatoms dominated in March (71 % 

RA) and peaked again in May (40 % RA). Phytoflagellates were most abundant in April (59 

% RA) and autotrophic dinoflagellates were most abundant in July (91 % RA) (figure 4.4bi). 

At Station E1, phytoflagellates dominated in March (60% RA) and April (55 % RA), diatoms 

were also most abundant in March (35% RA) and April (31 % RA), and dinoflagellates 

dominated May to July (mean 66% RA) (figure 4.4bii). Coccolithophorids reached a 

maximum biomass of 5 % and 2 % RA in April at Station L4 and E1 respectively. 
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Figure 4.4. Phytoplankton a) abundance [cells mL-1] and b) biomass [mgC/ m3] at i) Station 

L4 and ii) Station E1. 
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Microzooplankton abundance at Station L4 was dominated by zooflagellates >70 % 

RA in all months except June when ciliates (50 % RA) and colourless dinoflagellates (34 % 

RA) dominated (figure 4.5ai). In contrast, zooflagellates made up relatively little of the 

zooplankton population by biomass (mean 6 % RA). Colourless dinoflagellates dominated 

(mean 54% RA) and were most abundant in June (69 % RA) and July (78 % RA), followed 

by ciliates (mean 40 % RA) which peaked in April (63 % RA) (figure 4.5bi). At station E1, 

zooflagellates also dominated zooplankton abundance (mean 47 % RA) but were most 

abundant during March and April (mean 82%). Colourless dinoflagellates (mean 34 % RA) 

were most abundant during May (65 % RA) and July (52% RA), and ciliates (mean 20 % 

RA) were most abundant in June (50 % RA) (figure 4.5aii). However, at E1 zooflagellates 

only accounted for ~1 % RA of zooplankton biomass, whereas the biomass of heterotrophic 

dinoflagellates (mean 50% RA) and ciliates (48 % RA) were abundant across all months 

(figure 4.5bii). 

TOTAL MICROZOOPLANKTON Colourless dinoflagellates Ciliates Zooflagellates

ai

bi bii

Week no. Week no.

A
b

u
n

d
an

ce
 [

ce
lls

 m
L-1

]
B

io
m

as
s 

[m
gC

/m
3

 ]

M
ic

ro
zo

o
p

la
n

kt
o

n

Station L4 Station E1

0 4 8 12 16 20 24 28 32 36 40

0

10

20

30

40

50

60

0 4 8 12 16 20 24 28 32 36 40

0

200

400

600

800

1000

1200

aii

 

Figure 4.5. Zooplankton a) abundance [cell mL-1] and b) biomass [mgC/ m3] at i) Station L4 

and ii) Station E1. 
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4.3.2 General bacterioplankton diversity 

The bacterioplankton communities at stations L4 and E1 were assessed by 16S rRNA gene 

amplicon high-throughput sequencing (HTS). Reads were filtered to exclude singletons, 

eukaryotic, archaeal and organelle sequences and rarefied to a depth of 5266 reads per 

sample resulting in a total of 310,694 high quality reads that represented 878 operational 

taxonomic units (OTUs) based on 97% similarity. 26 abundant (>0.1 % RA) orders at Station 

L4 and 32 abundant (> 0.1 % RA) orders at Station E1 were identified. The bacterioplankton 

communities at both stations were dominated by 3 major bacterial orders, which accounted 

for 78 % of the total normalised abundance across all samples; the Rhodobacterales were 

most abundant (33 %), followed by the SAR11 clade (24%) and the Flavobacteriales (20%) 

(figure 4.6a and b). 

Log-likelihood ratio tests showed that the orders Rhodobacterales (statistic =73, 

Bonferroni p <0.000), Caulobacterales (statistic =15, Bonferroni p =0.009) and 

Flavobacteriales (statistic =14, Bonferroni p =0.019) were significantly more abundant at 

Station L4, whereas the SAR11 clade (statistic =78, Bonferroni p <0.000) and the orders 

Alteromonadales (statistic =68, Bonferroni p <0.000) were significantly more abundant at 

Station E1. Log-likelihood ratio tests also showed that 2 orders were significantly different 

by depth; Alteromonadales (statistic =72, Bonferroni p <0.000) was more abundant in deep 

samples and Flavobacteriales (statistic =26, Bonferroni p <0.000) was more abundant in 

mid water column and surface samples at both station L4 and E1.  
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Figure 4.6. Variation of bacterial orders (>0.1% relative abundance) by week at the time 

series stations L4 and E1 for each sampling depth; a) surface (1 m) b) Mid-water column 

(L4 25 m / E1 30 m) and c) deep (L4 50 m / E1 60 m) shaded bars indicate missing data. 
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4.3.3 Temporal and spatial variance in community structure by beta diversity analyses 

Weighted UniFrac distance matrices were used to compare the diversity between samples.  

L4 and E1 samples were on average 25 % (SD 12 %) dissimilar to each other, with the 

greatest dissimilarity (58 %) seen during week 13 (6th-12th April). Overall, there was little 

dissimilarity (generally <10 %) between sample depths, however greater dissimilarity (mean 

21 %, SD 10) was seen between depths from weeks 25-31 at Station L4 and from weeks 21-

31 at Station E1 (Supplemental figure 4.1). 

Principle coordinates analysis (PCoA) (figure 4.7a) showed that samples clustered 

into 3 main groups; group 1 = March samples excluding L4 week 13, group 2 = L4 week 13, 

all April samples and May week 19, and group 3 = May samples excluding week 19, all June 

and July samples. A minimum spanning tree (MST) model (figure 4.7b) was also used to 

connect samples by their minimum distance (i.e. to the most closely related sample). The 

MST confirms the grouping observed in the PCoA and reveals more details of the 

relationships between samples within the suggested groupings. Group 1 was most similar to 

the July deep (L4 50 m, E1 30 and 60 m) samples. Stations L4 and E1 in Group 2 were 

distinct from each other except during week 15, stations L4 and E1 remained distinct from 

each other throughout May. Samples in group 1 and 2 varied little by depth whereas samples 

in group 3 showed more variation by depth, especially during weeks 21 and 25-31 at Station 

E1 and during weeks 25-31 at Station L4.  Permutational multivariate analysis of variance 

(PERMANOVA) showed that stations L4 and E1 were significantly different to each other 

(pseudo-F 6.7, p = 0.001) and that samples were significantly different to each other when 

grouped by month (pseudo-F 8.2, p = 0.001). No significant difference was seen between 

samples grouped by depth.  
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Figure 4.7. a. Principle coordinates analysis (PCoA) and b. minimum spanning tree (MST) 

using weighted UniFrac distance metrics of all 16S rRNA gene samples. Points represent an 

individual sample and are coloured by month, symbols represent the sampling station (circles 

= E1, triangles = L4). Circled points identify coxL-2 sequenced samples and numbers 

indicate sample week. 

Stress 0.03

b

a



 

118 

 

4.3.4 CO-oxidising bacterioplankton diversity 

The CO-oxidising bacterioplankton communities at stations L4 and E1 were assessed by 

coxL Form I gene amplicon high-throughput sequencing. Reads were filtered to exclude 

singletons and clustered into OTUs based on 97 % similarity. DNA sequences were 

translated to amino acid sequence and bacterial coxL identified from the NCBI RefSeq non-

redundant protein record, resulting in 241 bona fide coxL OTUs that were then rarefied to a 

depth of 1185 reads per sample. 53 abundant (> 0.1 % RA) OTUs at Station L4 and 48 

abundant (> 0.1 % RA) OTUs at Station E1 were identified. The CO-oxidising 

bacterioplankton community at both stations was dominated by 6 OTUs that accounted for 

74 % of the total normalised abundance across all samples (OTU_2 = 25 %, OTU_3 = 16 

%, OTU_5 = 11 %, OTU_4 = 7%, OTU_7 = 8% and OTU_11 = 6%) (figure 4.8).  

Log-likelihood ratio tests showed only 2 OTUs were significantly different between 

stations L4 and E1; OTU_5 was 1.6 times higher at Station L4 (statistic =15, Bonferroni p 

<0.000) and OTU_3 was 1.5 times higher at Station E1 (statistic =15, Bonferroni p <0.000). 

Log-likelihood ratio tests also showed 16 OTUs were significantly different by month 

(Bonferroni p < 0.05) (supplemental table 4.1).  

Focusing on the 6 most abundant OTUs from both stations, OTU_2 abundance 

steadily decreased from March to July, whereas OTU_3 and OTU_4 increased in abundance, 

with the greatest increase seen between May and July. OTU_5, OTU_7 and OTU_11 were 

more uniformly distributed between months. OTU_5 peaked in May, where as OTU_7 and 

OTU_11 showed small peaks in April and June.  

Log-likelihood ratio tests also showed the 6 most dominant OTUs were significantly 

different by depth; OTU_11 (statistic =66, Bonferroni p <0.000), OTU_2 (statistic =45, 

Bonferroni p <0.000) and OTU_7 (statistic =44, Bonferroni p <0.000) were respectively 

27.2, 3.8 and 4.0 times higher in the deep samples compared to the surface samples. OTU_3 

(statistic 21, Bonferroni p <0.000), OTU_5 (statistic =19, Bonferroni p <0.000) and OTU_4 
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(statistic =19, Bonferroni p <0.000) were 6.2, 1.5 and 1.4 times higher in the surface samples 

compared to the deep samples.  

 

 

 

Figure 4.8. Relative abundance showing the variation of bacterial coxL OTUs (>0.1% 

relative abundance) by week at the time series stations a) L4 and b) E1. 
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4.3.5 Variance in bacterial CO-oxidising communities by beta diversity analyses 

Weighted UniFrac distance metrics were used to compare coxL diversity between samples. 

The dissimilarity between the surface samples at stations L4 and E1 increased steadily from 

12 % in week 11 to 53 % in week 27, then declined rapidly to 7 % by week 31. In addition 

to the surface samples, deep samples were included for weeks 27 and 31. Dissimilarities 

between Station L4 and E1 deep samples were 35 %. The dissimilarity between surface and 

deep samples was greater at E1 (mean 61 %, SD12) than at L4 (mean 42 %, SD6), with the 

greatest difference between depths at both stations seen during week 27 (supplemental figure 

4.1b).  

PCoA (figure 4.9a) showed that April, May and June (excl. June E1 surface) formed 

a cluster and together with March samples, were distinct from the July samples (including 

June E1 surface) that were separated along axis PC1. The July surface (including June E1 

surface) and deep samples were also distinct from each other and separated along axis PC1 

and PC2. MST confirms the grouping of samples seen in the PCoA and shows more intra-

variability by May and June samples than by March and April samples (figure 4.9b).  

PERMANOVA showed that samples were significantly different to each other when 

grouped by month (pseudo-F =3.7, p =0.029), but no significant difference was seen 

between samples grouped by depth or by station. 
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Figure 4.9.  a. Principle coordinates analysis (PCoA) and b. minimum spanning tree (MST) 

using weighted UniFrac distance metrics of all coxL sequenced samples. Points represent an 

individual sample and are coloured by month. Symbols represent the sampling station 

(circles = E1, triangles = L4), numbers indicate sample week and circles identify deep 

samples. 

a

b

Stress 0.02
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4.3.6 Relationship between total bacterial and CO-oxidising bacterial communities with 

physicochemical and biological metadata 

Spearman's rho correlations were performed with the microbial sequence data and cognate 

physicochemical metadata. For the 16S rRNA samples, PC1 correlated positively with 

fluorescence (R = 0.37, p =0.004) and oxygen (R =0.36, p =0.005), and negatively with 

salinity (R =-0.45, p <0.000), nitrite (R =-0.33, p =0.015) and wind speed (R =-0.39, p 

=0.004). PC2 correlated positively with seawater temperature (R =0.78, p <0.000), UV (R 

=0.75, p <0.000) and solar energy (R = 0.68, p <0.000), and negatively with oxygen (R =-

0.61, p <0.000), nitrite (R =-0.69, <0.000), nitrate (R =-0.77, p <0.000) and phosphate(R =-

0.74, p <0.000). PC1 and PC2 also correlated positively with several phytoplankton and 

microzooplankton groups (supplemental table 4.2).   

For the coxL samples, PC1 correlated positively with seawater temperature (R =0.89, 

p <0.000), solar energy (R =0.66, p =0.005) and UV (R =0.65, p =0.007), and negatively 

with oxygen (R =-0.79, p <0.000), nitrate (R =-0.52, p =0.048), phosphate (R =-0.59, p 

=0.026 and precipitation (R =0.51, p =0.044). PC2 correlated positively with depth [m] (R 

=0.61, p =0.62) and negatively with PAR (R =-0.51, p =0.045).  

Redundancy analysis (RDA) was performed on the 16S rRNA gene samples, 

constraining the ordination by significantly correlated physicochemical variables to see how 

these characteristics influence the ordination of samples. Variables with >2 missing data 

points were excluded, and where associated variables co-correlated (e.g. seawater 

temperature and solar energy), only one representative was used in the analysis. The RDA 

model using significantly correlated physicochemical metadata (figure 4.10) significantly 

explained the variation in the samples and showed a similar ordination of samples to the 

original PCoA. The RDA model using significantly correlated biological metadata distorted 

the ordination but maintained the same core grouping of samples seen in the original PCoA. 

Permutation tests on the RDA models revealed that the physicochemical RDA model was 
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stronger (pseudo-F =6.82, p =0.001) than the biological RDA model (pseudo-F =4.7, p 

=0.001) at explaining the variation between samples. The combined RDA model (pseudo-

F =5.39, p =0.001) showed that salinity (pseudo-F =13.54, p =0.001), seawater temperature 

(pseudo-F =12.36, p =0.001) and phytoflagellate biomass (pseudo-F =5.14, p =0.002) were 

the strongest metadata variables that explained variation between samples. 
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Figure 4.10. Redundancy analysis of weighted UniFrac distance metrics on all 16S rRNA gene sequenced samples. Ordination is constrained by 

selected significantly correlated metadata variables a) combined physicochemical and biological metadata, b) physicochemical metadata and c) 

biological metadata. Blue arrows represent continuous explanatory variables fitted to the ordination; direction indicates the maximum change whereas 

the length indicates the magnitude of change for a variable. Points represent an individual sample and are coloured by month, symbols represent the 

sampling station (circles = E1, triangles = L4) and numbers indicate sample week and circled points identify coxL sequenced samples.  
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4.4 Discussion 

4.4.1 General environmental characteristics at Station L4 and E1. 

Temperature and salinity at Station L4 and E1 in 2015 were typical for the Western Channel 

Observatory (WCO) and followed previously described patterns (Smyth et al., 2010). The 

main phytoplankton blooms at Station L4 typically occur as a spring diatom-dominated 

bloom in April which occurs in response to high nutrients, increasing temperatures and light 

levels, and a secondary summer diatom and flagellate bloom in subsurface waters as a result 

of nutrient regeneration below the thermocline (Southward et al., 2005, Widdicombe et al., 

2010). During this study, the patterns observed in the fluorescence corresponded well with 

peaks in phytoplankton and oxygen that described a typical phytoplankton abundance cycle 

at Station L4.  With the exception of diatoms, which were in an unusually low abundance 

during April and gave way to a phytoflagellate dominated spring bloom, the patterns in 

phytoplankton abundance and biomass were also typical for this study area (Widdicombe et 

al., 2010). The anomaly seen in diatom abundance at Station L4 in 2015 is not characteristic 

of a typical year, however inter-annual variation in phytoplankton at Station L4 has been 

reported previously (Widdicombe et al., 2010). This atypical spring bloom may be caused 

by change in climatological, hydrological or grazing processes (Southward et al., 2005, 

Irigoien et al., 2000, Irigoien et al., 2005, Widdicombe et al., 2010). The abundance of 

diatoms has been shown to correlate with the winter North Atlantic Oscillation (NAO) index 

which is characterised by increased mixing processes (Irigoien et al., 2000). April 2015 had 

below average rain fall of 10 mm compared to an 8 year mean of 46 mm for April 

(supplemental figure 4.2a), which may have favoured a phytoflagellate bloom due to 

increased light (reduced cloud cover) and stability (reduced mixing) (Irigoien et al., 2000). 
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4.4.2 Depth resolved bacterioplankton diversity and community succession at the Western 

Channel Observatory  

Previous studies that have characterised bacterioplankton abundance and diversity at the 

WCO have focused primarily on the surface waters (<10 m) at Station L4. Bacterioplankton 

abundance and biomass at Station L4 typically increase from March to July (Rodríguez et 

al., 2000, Mary et al., 2006a). The Station L4 bacterioplankton community is dominated by 

the Alphaproteobacteria, the bulk of which are within the SAR11 clade, and the 

Rhodobacterales which are dominated by the MRC. Bacteroidetes (mainly Flavobacteria) 

and members of the Gammaproteobacteria are also found in abundance at Station L4. In 

addition to the dominant community, sporadic blooms of rare taxa have also been recorded 

at Station L4 (Gilbert et al., 2012). In this study, Station L4 and Station E1 were sampled 

weekly at three depths spanning the entire water column. The bacterioplankton community 

composition at Station L4 and Station E1 throughout the water column was very similar to 

existing studies describing Station L4 surface waters (Mary et al., 2006a, Gilbert et al., 2009, 

Gilbert et al., 2012), and was dominated by SAR11, Rhodobacterales and Flavobacteriales.  

The seasonal succession of bacterioplankton has also been well characterised in the 

surface waters of Station L4 and is typified by a SAR11 dominated community in the winter, 

transitioning to a Rhodobacterales (Rhodobacteraceae) dominated community in the spring 

and summer (Mary et al., 2006a, Gilbert et al., 2012). This pattern of succession is 

characteristic of other temperate coastal and shelf seas (Alonso-Sáez et al., 2007, Teeling et 

al., 2016). Owing to the long time-series at the WCO, we know this annual cycle of 

succession in community composition is robust and predictable (Gilbert et al., 2012). During 

this study, we also observed significant seasonal variation in the bacterioplankton 

community, at both station L4 and E1 that was comparable to previous studies at Station L4. 

24 of the 26 orders at Station L4 and 28 of the 32 orders at E1 were significantly different in 

abundance by month. Beta diversity analyses showed that generally the community 
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exhibited succession by consecutive month and three main groups were identified 1) a pre-

bloom community, 2) a spring bloom community and 3) a summer community.  

At both Station L4 and E1, pre-bloom and spring bloom communities were uniform 

throughout the water column, whereas summer communities became distinct above and 

below the thermocline. Deep summer communities below the thermocline were more similar 

to pre-bloom communities than their corresponding surface community. The between depth 

dissimilarity increased 3 fold during summer at both stations and coincided with the 

formation of thermal stratification evidenced by a 1 °C change in temperature between the 

surface and bottom of the water column. Thermal stratification at Station L4 has previously 

been described by a more conservative cut-off (Δ0.5 °C between 0 and 30 m) than Station 

E1 (Δ1 °C between 0 and ~75 m) (Smyth et al., 2010). Our result suggests that the 

bacterioplankton community is only affected by thermal stratification processes when the 

temperature difference is ≥ 1° C between the surface and bottom of the water column, which 

in this study occurred later at Station L4 than at Station E1. Summer bacterioplankton 

communities play an important role in the regeneration of nutrients, which fuel the late 

summer phytoplankton bloom on the breakdown of stratification (Rodríguez et al., 2000). 

The presence of distinct communities within the water column during summer suggests this 

process is more complex than previously thought. Further work is required to determine the 

individual contribution that these communities to nutrient regeneration. 

4.3.3 Environmental drivers of bacterioplankton seasonal succession at the Western 

Channel Observatory  

Rodríguez et al. (2000) showed that bacterial abundance was determined by seawater 

temperature driven growth rates versus countering bacterivorous grazing rates, and that 

bacterial biomass was influenced by seawater temperature during autumn and winter and by 

biological interactions during spring and summer. Gilbert et al. (2009) found that seawater 



 

128 

 

temperature and nutrients (e.g. phosphate and silicate) influenced the bacterioplankton 

community, and in a later study Gilbert et al. (2012) went on to describe complex 

physicochemical and biological interactions at Station L4. This study also found significant 

correlations with physicochemical and biological parameters. To identify which of these 

parameters were most important in the seasonal structuring of the microbial community, 

redundancy analysis was performed to test the response of the bacterioplankton community 

to different explanatory variables. The results showed that physicochemical variables 

explained the variation more strongly than biological variables, and that salinity closely 

followed by seawater temperature were the most influential drivers of community structure.  

Salinity showed contrasting trends between the stations over the study period, and 

consequently it is difficult to infer the ecological significance of this variable in determining 

bacterioplankton succession. Salinity at Station E1 showed a slightly decreasing trend over 

the study period and was generally higher than at Station L4, which showed an overall 

increasing trend over the study period and was much more variable due to influences from 

the river Tamar (Rees et al., 2009, Smyth et al., 2010). The RDA analysis reflected the trend 

in salinity seen at E1 suggesting salinity is a more influential variable at Station E1 than at 

Station L4. Given the similarity in the overall pattern of succession between the two stations, 

salinity may describe between station variability better than between month variability. The 

spring bloom community was associated with lower seawater temperature and increased 

primary production, whereas summer communities showed the opposite trend. Pre-bloom 

communities were associated with both lower seawater temperatures and lower primary 

productivity. This suggests that bacterioplankton are primarily responding to changing 

temperature until a threshold of primary productivity is reached after which phytoplankton 

also influence the community composition as has previously been suggested (Rodríguez et 

al., 2000).  
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Of the phytoplankton, phytoflagellate biomass was the strongest significant 

influencing biological variable and was more strongly associated with the spring bloom 

community, whereas the summer community was more strongly associated with 

dinoflagellate biomass. These associations fit with the patterns seen in the phytoplankton 

abundance data, however, as surface measurements were assumed for the entire water 

column, it is difficult to make complete conclusions about influence of phytoplankton on the 

bacterioplankton community from this dataset.  

This study focused on a few key variables and cannot account for trophic interactions 

or mortality, the complexities of which have been discussed previously (Rodríguez et al., 

2000, Gilbert et al., 2012). The comparable bacterioplankton community succession seen in 

2015 (this study) with previous studies (Gilbert et al., 2009, Gilbert et al., 2012), coupled 

with the non-typical spring bloom, supports the earlier result that physicochemical factors 

are stronger than biological factors in determining bacterioplankton community structure. 

Phytoplankton communities at the WCO also show a strong seasonal scale pattern of 

community succession (Widdicombe et al., 2010), which has been linked to climate and 

hydrological processes (Southward et al., 2005), and the dominant spring bloom forming 

species varying considerably inter-annually (Widdicombe et al., 2010). These data suggest 

that although specific microbe-microbe interactions are potentially important in structuring 

the bacterioplankton community (Gilbert et al., 2012), ultimately the seasonal 

bacterioplankton community structure at the WCO is directly and indirectly influenced by 

climatological and hydrological process altering the physical, chemical and biological 

components of the environment.  

A fundamentally important consequence of these overarching physicochemical 

drivers is the coupling of bacterioplankton and phytoplankton community succession. The 

switch from the metabolically streamlined, oligotrophic, free-living strategy of the SAR11 

(Giovannoni et al., 2005) to the phytoplankton-associated, copiotrophic, metabolically 
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diverse strategy of the Rhodobacteraceae (Pujalte et al., 2014) following the spring 

phytoplankton bloom has been reported in coastal and shelf sea ecosystems globally (Bunse 

and Pinhassi, 2017). This switch is driven by an increase in phytoplankton-derived organic 

matter that alters the trophic regime favouring generalist bacterioplankton (Buchan et al., 

2014) such as the Rhodobacterales and Flavobacteriales. The resulting bacterioplankton 

bloom regenerates nutrients that in turn fuel the subsequent summer phytoplankton blooms 

(Rodríguez et al., 2000, Bunse and Pinhassi, 2017). The importance of these bacterial groups 

in secondary production has been reviewed previously by Buchan et al. (2014), who 

concluded that the ability of bacterioplankton like the Rhodobacterales and Flavobacteriales 

to respond to phytoplankton derived substrate is likely due to their metabolic diversity. 

Recent studies at the WCO have linked changes in the bacterioplankton communities, 

including the Rhodobacterales, to specific phytoplankton derived materials such as microgel 

particles (Taylor et al., 2014, Taylor and Cunliffe, 2017) and nucleic acids (Taylor et al., 

2018).  

4.3.4 A comparison of total bacterioplankton communities at Station L4 and E1 

Despite the apparent similarity in the taxa present at order and OTU level, Station L4 and 

E1 bacterioplankton communities were found to be significantly different to each other. In 

total, Station E1 was slightly more diverse with 730 OTUs in comparison to L4 with 708 

OTUs. Station E1 also had a higher number of abundant (>0.1 % relative abundance) orders 

than Station L4, however these 6 orders ‘unique’ to Station E1 were present at a low relative 

abundance (0.11-0.17 %) and were also recorded in the rare fraction (<0.1 % relative 

abundance) at Station L4.  

There were two main drivers of dissimilarity between Station L4 and E1 identified. 

Firstly, there were significant differences in the abundance of the dominant taxa. The 

Rhodobacterales, Flavobacteriales and Caulobacterales were found to be significantly 
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higher at Station L4, whereas SAR11 and were significantly higher at E1. The 

bacterioplankton community at both stations were characteristic of productive coastal shelf 

seas (Rappe et al., 2000, Zinger et al., 2011), however, the higher abundance of the 

metabolically diverse and often phytoplankton-associated taxa at Station L4 points toward a 

more productive ecosystem than the relatively more oligotroph dominated Station E1. The 

significant abundance of Alteromonadales at E1 was due to an acute peak in May, and is 

most likely a ‘sporadic bloom’ in response to increased substrate availability which is typical 

of these taxa (López-Pérez and Rodriguez-Valera, 2014). Secondly, there are different 

phenological changes in bacterioplankton communities. The succession from pre-bloom to 

post-bloom communities occurred earlier (week 11-13) at Station L4 than at Station E1 

(week 13-15), and the stratification of bacterioplankton communities was evident earlier at 

Station E1 (week 21) than at Station L4 (week 25). Station E1 is further offshore than Station 

L4 and it is likely that the two stations receive different levels of influence from the land and 

other water bodies, which drives the subtle differences between the stations. Smyth et al. 

(2010) concluded than coastal Station L4 was influenced more strongly by land-sea 

exchanges that open-shelf Station E1. Conversely Station E1 is more strongly influenced by 

larger scale climatic and hydrological influences from the North Atlantic (Laane et al., 1996, 

Smyth et al., 2010).  

4.4.5 CO-oxidising bacterioplankton at the Western Channel Observatory 

Not all phytoplankton derived organic matter is directly assimilated by bacterioplankton. A 

significant fraction of DOM is photo-oxidised to a range of compounds including carbon 

monoxide (CO) (Conrad and Seiler, 1980, Miller and Zepp, 1995, Moran and Zepp, 1997). 

The distribution of CO in the marine environment is therefore closely linked to productivity 

(Jones and Amador, 1993, Jones, 1991, Conrad and Seiler, 1980, Tolli and Taylor, 2005), 

and the major sink for CO in the seawater is bacterioplankton oxidation (Zafiriou et al., 2003, 

Xie et al., 2005).  Representative subsets of the samples used in the 16S rRNA gene analysis 
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were assessed for the presence of the carbon monoxide dehydrogenase (CODH) encoding 

gene coxL (King, 2003). A total of 241 bona fide coxL OTUs were identified, with the 

majority of abundance attributed to 6 OTUs.  

Most of the coxL OTUs were identified as Rhodobacterales (family 

Rhodobacteraceae), with OTUs representing Actinobacteria, Rhizobiales and 

Burkholderiales also identified (supplemental figure 4.3). Short read lengths and possible 

bias towards MRC’s in the NCBI database due to a lack of reference sequences meant 

taxonomy could not confidently be assigned at a higher resolution, and other bacterial groups 

may be under represented as only OTUs with high similarity to confirmed CODH were 

included. The prevalence of Rhodobacteraceae coxL sequences was not however surprising 

given the prevalence of the Rhodobacteraceae in the total bacterioplankton community in 

this study and the high abundance of coxL genes previously reported amongst the MRC 

(Tolli et al., 2006, Cunliffe, 2011), a major group within Rhodobacteraceae (Pujalte et al., 

2014).  The abundance of CO-oxidisers in the dominant Rhodobacteraceae suggests CO-

oxidation may play an important role in bacterioplankton secondary production at the WCO.  

The CO-oxidising bacterioplankton community was significantly different by month, 

with the greatest dissimilarity seen between spring (March, April and May) and summer 

(June and July) communities. The abundance of dominant OTUs showed a seasonal switch 

from OTU_2 which declined steadily over the study period, to OTU_3 which peaked more 

acutely in June and July. Two deep samples from June and July were also assessed for coxL 

gene presence; deep CO-oxidising communities more closely resembled the spring 

community than the summer community suggesting that stratification significantly affects 

the composition of the CO-oxidising community.  

CO-oxidation is used as a supplementary energy source in carboxydovores such as 

the MRC and may provide an advantage by increasing heterotrophic efficiency when 
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substrate turnover or competition for substrate is high (Chapter 3). Caporaso et al. (2012) 

and Gibbons et al. (2013) have suggested that the existence of a microbial seed bank at the 

WCO, where variation in community composition is determined by the relative abundance 

of taxa selected for by the environment from a reservoir of persistent taxa. CO-oxidation 

alone is unlikely a dominant driver of community succession, but given the diversity of 

metabolic strategies utilised by members of the Rhodobacteraceae (Buchan et al., 2005, 

Moran et al., 2007), CO-oxidation potentially contributes to the success of this group at the 

WCO and in other coastal and shelf sea ecosystems.  

4.4.6 Conclusions 

In conclusion, this study made the first characterisation of bacterioplankton community 

dynamics at both Station L4 and E1, and throughout the entire water column. We found that 

the bacterioplankton present are typical of previous studies at Station L4 and exhibit strong 

seasonal patterns in response to physicochemical and biological influences (figure 4.11).  

Using a depth resolved approach, this study has identified vertical changes in the 

bacterioplankton community composition in relation to thermal stratification. A 1°C 

difference between the surface and bottom of the water column in summer coincides with 

the formation of distinct surface and deep bacterioplankton communities. Our findings show 

that significant patterns in bacterioplankton community dynamics are missed by only 

sampling the surface of the water column in stratified coastal systems. This may have 

implications for our understanding of nutrient regeneration processes in coastal systems. 

We also show that differences in the meteorological and hydrographic conditions at 

the coastal Station L4 and open-shelf Station E1 influence the bacterioplankton community. 

The dominance of SAR11 suggests a more open ocean regime at Station E1, and is 

supporting evidence that the meteorological and hydrographic influence from the North 

Atlantic reaches Station E1. Future studies should consider a larger transect encompassing 
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the entrance of the English Channel into the Atlantic Ocean. Despite the importance of long-

term data sets, fewer recent studies are conducted at multiple WCO Stations. Future plans 

for the WCO should consider including these historic stations to better represent the Western 

English Channel, especially when monitoring the area for impacts of climate change.   

Biodiversity alone is insufficient to understand ecosystem functioning especially 

within natural microbial assemblages. Here, by identifying the coxL gene which has been 

conclusively linked to CO oxidation (see Chapter 3) in the environment, we have 

successfully demonstrated the use of a trait-based approach to characterise potential CO-

oxidising bacterioplankton. We found a prevalence of the functional coxL gene amongst the 

Rhodobacteraceae and identified seasonal changes in the community in relation to the spring 

phytoplankton bloom. CO-oxidation is not only an important sink of CO in coastal 

environments but also potentially important in bacterioplankton secondary production and 

may contribute to bacterial succession. Although progress has been made, we can only 

speculate at the potential of the CO-oxidising community identified. More evidence is 

required to fully understand the ecological role of CO-oxidation in the marine ecosystem. 

We suggest future studies of this kind should focus on transcripts to confirm activity of these 

genes in the environment. 
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Figure 4.11. Conceptual diagram of the coastal environment illustrating the seasonal changes in bacterioplankton community composition over a 

spring bloom cycle at a coastal shelf sea and open shelf sea site.   
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4.5 Supplementary material 

 

Supplemental table 4.1. coxL-2 OTUs showing significantly different (Bonferroni corrected p value <0.05 from Log-likelihood ratio tests) abundance 

when grouped by month.  

OTU Test-Statistic Bonferroni p value March mean April mean May mean June mean July mean 

OTU2 836.75 0.000 761.00 370.00 374.00 156.00 68.75 

OTU3 1112.49 0.000 5.00 13.50 27.00 292.75 451.75 

OTU5 167.80 0.000 84.50 167.50 215.50 165.25 40.25 

OTU7 22.82 0.031 84.50 127.25 76.00 114.50 76.25 

OTU4 559.37 0.000 0.00 1.25 58.00 59.50 255.75 

OTU11 40.65 0.000 40.00 79.00 55.00 108.00 54.25 

OTU20 24.42 0.015 18.00 28.50 25.50 47.00 13.00 

OTU14 42.54 0.000 25.00 48.75 24.00 4.75 21.50 

OTU34 78.68 0.000 2.50 57.50 31.00 10.25 17.00 

OTU39 41.27 0.000 1.00 26.00 29.50 22.00 10.75 

OTU26 24.92 0.012 37.00 12.75 10.50 9.75 17.75 

OTU60 40.29 0.000 4.00 31.25 7.00 6.25 3.75 

OTU196 21.94 0.047 0.50 3.00 13.00 3.00 0.50 

OTU116 56.50 0.000 18.50 0.00 0.00 0.00 0.00 

OTU360 48.43 0.000 0.00 0.00 16.50 0.25 0.00 

OTU122 26.44 0.006 0.00 10.50 5.50 0.50 0.00 
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Supplemental table 4.2. Significant (in bold) Spearman’s correlations between principle 

components axes (16S rRNA PCoA) and, phytoplankton and microzooplankton (Ab = 

abundance, BM = biomass at 10 m). 

Variable 
PC1 PC2 

R value p value R value p value 

Diatom (Ab) -0.10 0.46 0.33 0.01 

Autotrophic dinoflagellate (Ab) 0.29 0.03 0.32 0.02 

Coccolithophorid (Ab) 0.25 0.06 -0.72 0.00 

Total Phytoplankton (BM) 0.02 0.88 0.48 0.00 

Autotrophic dinoflagellate (BM) -0.08 0.57 0.70 0.00 

Coccolithophorid (BM) 0.26 0.05 -0.69 0.00 

Phytoflagellate (BM) 0.33 0.01 -0.02 0.86 

Total Microzooplankton (Ab) 0.55 0.00 0.00 0.99 

Ciliate (Ab) -0.04 0.78 0.53 0.00 

Heterotrophic dinoflagellate (Ab 0.46 0.00 0.18 0.18 

Total Microzooplankton (BM) 0.07 0.58 0.51 0.00 

Ciliate (BM) -0.06 0.66 0.56 0.00 

Zooflagellate (BM) 0.48 0.00 -0.12 0.38 
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Supplemental figure 4.1. Weighted UniFrac dissimilarity scores a) 16S rRNA between station L4 and E1 by week, b) coxL-2 between station and or 

depth by week, ci) 16S rRNA Station L4 between depth by week and cii) 16S rRNA Station E1 between depth by week. 
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Supplemental figure 4.2. Meteorological metadata a) rainfall, b) air temperature and c) wind 

speed. Bars show the monthly mean for 2015 and points show the monthly mean taken over 

an 8 year period. 

0

20

40

60

80

February March April May June July

R
ai

n
 f

al
l [

m
m

]
2015 monthly rain fall mean monthly rain fall

0

5

10

15

20

February March April May June July

A
ir

 t
e

m
p

e
ra

tu
re

 [
 C

]

2015 monthly air temperature mean monthly air temperature

0

1

2

3

4

5

6

7

February March April May June July

W
in

d
 s

p
e

e
d

  [
m

p
h

]

2015 monthly av. wind speed mean monthly av. wind speed

a

b

c



 

 

 

1
4
0
 

 

Supplemental figure 4.3. Molecular Phylogenetic analysis by Maximum Likelihood method showing an amino acid alignment of the 6 most abundant 

OTUs and other carbon monoxide dehydrogenase Form I sequences from the non-redundant protein sequence database. The percentage of trees in 

which the associated taxa clustered together is shown next to the branches. 
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Chapter 5 

Diversity and distribution of total and 

active bacterioplankton communities in 

relation to light along a transect of the 

Atlantic Ocean 
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5.1 Introduction 

Marine bacterioplankton sustain global-scale biogeochemical cycles and 

significantly contribute to primary (Richardson and Jackson, 2007) and secondary 

production (Ducklow, 2000). The total diversity of bacterioplankton (i.e. from DNA) has 

been characterised from a variety of different locations globally (Zinger et al., 2011, 

Sunagawa et al., 2015). However, not all bacteria in these communities are metabolically 

active at a given time (del Giorgio and Scarborough, 1995). Therefore, total bacterioplankton 

diversity can only provide information about the potential of bacterial communities in the 

environment.   

Bacterial activity has been shown to vary both spatially and temporally (Alonso-Sáez 

and Gasol, 2007, Alonso-Saez et al., 2008, Lami et al., 2009, Campbell et al., 2011, Hunt et 

al., 2013) and in response to changes in environmental factors such as nutrient availability, 

organic substrates, temperature and light (Alonso-Saez et al., 2006, Alonso-Sáez and Gasol, 

2007, Alonso-Saez et al., 2008, Lami et al., 2009, Hunt et al., 2013). These findings have 

implications for our current understanding of biogeochemical cycles. Bacterial production 

estimates used in global models are most likely inaccurate as these models generally assume 

bacterial production to be uniform across all taxa (Fasham et al., 1999). In addition bacterial 

abundance is de-coupled from bacterial activity (Alonso-Sáez and Gasol, 2007, Alonso-Saez 

et al., 2008, Lami et al., 2009, Campbell et al., 2011, Hunt et al., 2013,), suggesting that 

estimates of ecological function based on gene presence and abundance are also likely to be 

inaccurate (Krause et al., 2014, Rocca et al., 2015). In order to better understand the 

ecological function of bacterioplankton communities and how they interact with 

biogeochemical cycles, we must not only understand which taxa are present but also which 

taxa are active in a community.  

Light has a critical effect on several marine biogeochemical cycles, providing energy 

directly and indirectly to bacterioplankton (Karl, 2002, Moran and Miller, 2007, Richardson 
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and Jackson, 2007). Ultraviolet radiation (UVR) from light also causes cellular damage, 

negatively affecting metabolic processes, bacterial abundance, substrate uptake and activity 

(Bailey et al., 1983, Herndl et al., 1993, Müller-Niklas et al., 1995, Sommaruga et al., 1997). 

Bacterioplankton are exposed to daily fluctuations in light levels and many taxa have 

developed resistance mechanisms to UVR (Arrieta et al., 2000, Agogue et al., 2005b). 

Sensitivity to light and the metabolic requirement for light has been shown to influence the 

vertical distribution of some Cyanobacteria (Six et al., 2007, Mella-Flores et al., 2012). Light 

could also be a determining factor of general community composition (Alonso-Saez et al., 

2006), but so far, no significant effect of light has been shown (Winter et al., 2001, 

Schwalbach et al., 2005).  

The Atlantic Meridional Transect (AMT) programme is a multi-disciplinary and 

collaborative time series that has been running since 1995 (Rees et al., 2015). Unlike most 

other time series, the AMT is not a fixed station but instead takes the form of an annual 

research cruise from the UK to the South Atlantic. Spanning multiple biogeochemical 

provinces from sub-polar and temperate coastal shelf seas to open ocean tropical gyres, the 

AMT provides an almost pole-to-pole oceanographic research platform. The aims of the 

AMT have developed and grown, but the primary aims remain largely unchanged: To record 

the biogeochemical properties of the Atlantic Ocean in order to validate and develop global 

ocean models, provide a long-term observatory for monitoring the effects of change on the 

ocean and to provide a platform for multidisciplinary research and training in 3 key areas. 1) 

The structure and function of planktonic ecosystems, 2) processes controlling the fate of 

organic matter and 3) atmosphere to ocean exchange processes.    

Over 20 years, the physicochemical properties of the Atlantic have been well 

characterised (Aiken et al., 2000, Robinson et al., 2006). However, biological monitoring 

has largely relied on the measurement of photosynthetic pigments, bulk biomass and 

productivity estimates often relying on remote sensing methods. Although bacterioplankton 
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communities have been investigated, these studies have focused on specific functional 

groups such as methanol utilizers (Dixon et al., 2013) or have been based on flow cytometry 

analysis (Zubkov et al., 2000).  

Geographical patterns of bacterial diversity are today relatively well characterised 

and have been greatly advanced by global data sets such as Tara Oceans (Sunagawa et al., 

2015) and ICoMM (Pommier et al., 2007). However, a large proportion of the euphotic 

global ocean remains poorly characterised. For example, there is a lack of research in the 

southern hemisphere and few ocean time series none of which, to our knowledge, that are 

basin-wide. Currently, little is known about the latitudinal distribution of bacterioplankton 

communities in the Atlantic Ocean. There have been two genomic studies of bacterial 

diversity over a latitudinal transect of the Atlantic. Milici et al. (2016) characterised 

bacterioplankton diversity throughout the water column but did not report phylogenetic 

diversity, and Reintjes (2017), who characterised phylogenetic diversity of particle 

associated and free living bacterioplankton, did so only at 20 m below the surface.  The AMT 

is a long-term observatory for monitoring the effects of change on the Atlantic Ocean but to 

date has largely overlooked bacterial communities. I used the AMT platform to record the 

microbial diversity of the Atlantic Ocean. Doing so on an annual basis could help improve 

our understanding of the effects of change on the oceans and help to develop global ocean 

models.  

The primary aim of this study was to characterise the diversity and distribution of 

total and active bacterioplankton communities along AMT using high throughput 

sequencing techniques. We hypothesise the community will be dominated by a core set of 

taxa but the abundance and activity of these taxa will vary independently in response to 

differing environmental characteristics along the transect. This study also aimed to 

investigate the specific effect of light on the composition of bacterioplankton communities 

by comparing samples collected from three different depths ranging 97 to 1 % 
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photosynthetically available radiation (PAR). We hypothesise  there will be variation in the 

community in response to light, and that taxa will be partitioned into different light niches 

based on their resistance/tolerance to light stress and metabolic requirement for light, which 

in turn, will lead to diurnal differences in the community composition. 

 

5.2 Method summary 

5.2.1 Seawater sampling 

Seawater samples were collected during the AMT 25 cruise on board the RSS James Clark 

Ross, which sailed from Immingham, UK to Stanley, Falkland Islands  (18th Sep to 4th Nov 

2015). The cruise track crossed nine biogeochemical provinces (Longhurst et al., 1995) in 

the North and South Atlantic Ocean (figure 5.1), which represented a range of marine 

ecosystems from temperate coastal seas to tropical ocean gyres (table 5.1).  

Seawater samples were taken from three different light depths (97 %, 55 % and 1 % 

PAR) during 16 casts at eight stations that consisted of paired pre-dawn (~04:30 local time 

= 04:00 – 07:00 UTC) and solar noon (~13:30 local time =13:00 – 16:00 UTC) casts, which 

were approximately 150 km apart. Two additional samples were also collected from 4 m and 

27 m (08:00 UTC) at the Western Channel Observatory Station E1 (Chapter 4). Seawater 

samples were immediately filtered onto a 0.2 µm filter membrane and stored in a nucleic 

acid preservative at -80 ⁰C. On return to the laboratory, DNA and RNA were co-extracted 

from the membranes using commercially available DNA/RNA isolation kit (E.Z.N.A). DNA 

and cDNA, synthesised from the RNA by reverse transcription were sent for 16S rRNA gene 

amplicon sequencing (see Chapter 2 for further details). 
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Figure 5.1. Map showing location of samples taken during the Atlantic Meridional Transect 

(AMT) 25 that were analysed in this study.  Symbols represent the geographical position of 

casts ( noon,  pre-dawn and  Western Channel Observatory Station E1), open circles 

indicate paired casts and represent a station. Lines show borders of biogeochemical 

provinces annotated by their abbreviation (table 5.1). 
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Table 5.1. Atlantic Meridional Transect 25 sampling stations, including details of 

Longhurst provinces and climatic regions. 
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5.3 Results 

5.3.1 Physicochemical characteristics of the Atlantic Meridional Transect 

Seawater temperature ranged from 4.4 °C in the southern temperate regions to 29.6 °C in the 

surface waters of the tropical regions (figure 5.2a). Salinity ranged from 34.1 to 37.6 PSU 

and was highest in the gyral regions and lowest in the southern temperate regions (figure 

5.2b). Generally, seawater temperature and salinity decreased with depth, and stratification 

was evident from 50°N to 30°S, after which the water column became mixed. Fluorescence 

was highest (2.6 RFU) at Station E1 in the Western English Channel and lowest in the 

northern and southern gyres. A deep chlorophyll maximum (DCM) was present throughout 

the transect, and was deepest (100-150 m) in the gyral regions (figure 5.2c). Oxygen ranged 

from 57.1 to 305.2 µM L-1 and was lowest between 20°N and 20°S below 50-75 m and 

highest in the southern temperate regions (figure 5.2d).  
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Figure 5.2. Data-Interpolating Variational Analysis (DIVA) gridded section plots showing 

physicochemical data from 73 CTD casts totalling 912 data points along the AMT25. a) 

temperature [°C], b) salinity [PSU], c) fluorescence [RFU] and d) oxygen [µM L-1]. Depth 

[m] on the Y axis vs. latitude on the X axis. Symbols represent the position of water samples 

analysed in this study ( noon,  pre-dawn and  Western Channel Observatory Station 

E1). 
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Photosynthetically available radiation (PAR) ranged from 3 to 1,340 W m-2 during noon 

sampling and was highest at the surface declining with depth (figure 5.2a). PAR was much 

lower during pre-dawn sampling and was consistently <1.5 W m-2 (figure 5.2b). PAR at 

97 % (mean 4.3 m), 55 % (mean 12.5 m) and 1 % (mean 86.7 m) light depths were on average 

745.1, 371.6 and 8.7 W m-2 respectively. The two additional samples collected from 4 m and 

27 m at the Western Channel Observatory Station E1 were equivalent to 55 % and 1 % light 

depths based on the in situ PAR measurements.  

Figure 5.2. Data-Interpolating Variational Analysis (DIVA) gridded section plots showing 

photosynthetically available radiation (PAR) data [W m-2] along the AMT25 during 2016. 

a) noon and b) pre-dawn. Depth [m] on the Y axis vs. latitude on the X axis. Symbols 

represent position of water samples analysed in this study ( noon,  pre-dawn and  

Western Channel Observatory Station E1). 
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The seawater nutrients nitrate and nitrite combined, phosphate and silicate were low < 1 µM 

L-1 and often below the limits of detection for phosphate (< 0.02 µM L-1), nitrate + nitrite (< 

0.02 µM L-1) and nitrite (< 0.01 µM L-1) throughout the upper 50 m of the water column and 

down to ~150 m in the gyral regions (figure 5.4). Maximum values up to 34.5 µM L-1 nitrate 

and nitrite (figure 5.4a), 2.3 µM L-1 phosphate (figure 5.4b) and 11.4 µM L-1 silicate (figure 

5.4c) were recorded in the southern temperate regions throughout the water column and 

between 20°N and 20°S below a depth of 50 m. Due to the high number of missing data 

points, nitrate and nitrite could not be separated, although mean nitrite when recorded was 

~0.03 µM L-1 suggesting nitrate and nitrite values are composed mostly of nitrate.  



 

152 

 

 

Figure 5.4. Data-Interpolating Variational Analysis (DIVA) gridded section plots showing 

nutrient data [µM L-1] along the AMT25 during 2016. a) nitrate and nitrite, b) phosphate and 

c) silicate. Depth [m] on the Y axis vs. latitude on the X axis. Symbols represent position of 

water samples analysed in this study ( noon,  pre-dawn and  Western Channel 

Observatory Station E1).  
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5.3.2 Total (DNA) and active (RNA) bacterioplankton diversity along the Atlantic 

Meridional Transect 

Bacterioplankton diversity was assessed by bacterial 16S rRNA gene and 16S rRNA high-

throughput sequencing. Reads were filtered to exclude singletons, non-bacterial and 

organelle sequences, then rarefied to a depth of 8,391 reads per sample resulting in a total of 

83,910 high quality reads (250 bp) that represented 2,366 operational taxonomic units 

(OTUs) based on 97 % similarity. 134 taxonomic groups identified to order level were 

detected, 38 were considered abundant (>0.1 % relative abundance) in DNA samples and 29 

were considered abundant (>0.1 % relative abundance) in RNA samples, resulting in 40 

abundant taxa at order level (figure 5.5).  

The majority (~80 %) of the relative abundant (RA) taxa was contributed by just 

seven taxa mostly at order level. However, the relative contribution of these taxa varied 

significantly between DNA and RNA samples (table 5.2). Total bacterioplankton 

communities assessed by 16S rRNA gene abundance (DNA) were dominated by 

Prochlorococcus, followed by Flavobacteriales, SAR11 clade, Oceanospirillales, 

Rhodobacterales and Synechococcus (figure 5.5a). Active bacterioplankton communities 

assessed by 16S rRNA (RNA) were dominated by Prochlorococcus followed by 

Flavobacteriales, Synechococcus, Oceanospirillales, unidentified Cyanobacteria 

(Subsection I Other) and Rhodobacterales. The Cyanobacteria Prochlorococcus, 

Synechococcus and Subsection I Other were almost twice more abundant in RNA samples 

than DNA samples. In contrast, the SAR11 clade was 30 times less abundant in RNA 

samples compared to DNA samples. Flavobacteriales, Oceanospirillales and 

Rhodobacterales were also less abundant in RNA samples than DNA samples but to a lesser 

degree (1.2 – 1.8 times lower).  

 



 

154 

 

Table 5.2. Contribution to bacterioplankton community of the seven overall most abundant 

taxa by number of normalised reads and relative abundance.  

Taxa 
All samples DNA samples RNA samples 

reads RA % reads RA % reads RA% 

Prochlorococcus 380678 45.4 141091 33.1 239587 58.0 

Flavobacteriales  106275 12.7 65141 15.5 41134 9.8 

SAR11 clade  51226 6.1 49476 11.8 1750 0.4 

Oceanospirillales  43851 5.2 23737 5.7 20114 4.8 

Rhodobacterales  41098 4.9 26389 6.3 14709 3.5 

Synechococcus 33456 4.0 11675 2.7 21781 5.3 

Subsection I Other 22850 2.7 7862 1.8 14988 3.6 
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Figure 5.5. Relative abundance of bacterioplankton taxa along the AMT25 of a. DNA 

samples (16S rRNA gene abundance) and b. RNA samples (16S rRNA transcript 

abundance). Outlines highlight the seven overall most abundant taxa. 
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5.3.3 Bacterioplankton community structure along the Atlantic Meridional Transect   

Permutational multivariate analysis of variance (PERMANOVA) on weighted UniFrac 

metrics showed that DNA and RNA samples were significantly different to each other (p 

<0.05), as were samples grouped by province and by light depth (table 5.3). Overall there 

was no significant difference between noon and pre-dawn samples (table 5.3), although Log-

likelihood ratio tests on abundant orders (RA >0.1%) of combined DNA and RNA samples 

showed that Prochlorococcus (statistic =49.34, p <0.000), Rhodobacterales (statistic 

=48.58, p <0.000) and Oceanospirillales (statistic =10.72, p <0.042) were significantly 

higher in noon samples. Whereas Flavobacteriales (statistic =27.52, p <0.000) and 

Subsection I Other (statistic =15.15, p <0.004) were significantly higher in pre-dawn 

samples. 

PERMANOVA on DNA and RNA samples separately showed that DNA samples 

were significantly different when grouped by province and light depth, whereas RNA 

samples were only significantly different when grouped by province (table 5.3). 

PERMANOVA on all DNA samples by paired light depths showed the bacterioplankton 

community at 97 % and 55 % light depths were not significantly different to each other but 

were both significantly different (p <0.05) to the community at the 1 % light depth (table 

5.3). Log-likelihood ratio tests on DNA samples showed 21 taxa were significantly different 

(Bonferroni p <0.05) when grouped by light depth, of these taxa Subsection I Other, 

Cellvibrionales, Puniceicoccales and Rhodobacterales were higher in abundance in surface 

samples (97 % and 55 % light depths) than the 1% light samples. 14 taxa from RNA samples 

were also significantly different (Bonferroni p <0.05) when grouped by light depth. 

Cyanobacteria Subsection III (identified as Trichodesmium spp.), Rickettsiales (excl. SAR11 

clade) and KI89A clade were more abundant in surface samples compared to 1 % light 

samples except Synechococcus which was most abundant in 55 % light samples. Log-
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likelihood ratio tests on both DNA and RNA samples showed nearly all taxa were 

significantly different when grouped by province (Bonferroni p <0.05). 

 

Table 5.3. Permutational multivariate analysis of variance (PERMANOVA) of categorical 

variables, bold text highlight significant differences. 

Category 
ALL samples DNA samples RNA samples 

pseudo-

F 

p-

value 

pseudo-

F 

p-

value 

pseudo-

F 

p-

value 

Pre-dawn vs Noon 1.02 0.359 0.63 0.623 0.55 0.712 

DNA vs RNA 10.17 0.001 NA NA NA NA 

Province 16.53 0.001 11.17 0.001 13.93 0.001 

Light Depth (97, 55 & 1 %) 2.24 0.025 2.13 0.033 0.91 0.511 

97 % vs 55 %  0.17 0.975 0.09 0.995 0.12 0.987 

1 % vs 97 % 3.27 0.017 3.24 0.015 1.35 0.261 

55 % vs 97 % 3.45 0.009 3.28 0.019 1.36 0.256 

 

 

To further investigate the bacterioplankton communities by biogeochemical province, 

Principal Coordinates Analysis (PCoA) were conducted on DNA samples and RNA samples 

separately using weighted UniFrac metrics. DNA and RNA PCoA plots showed similar 

patterns of sample orientation (figure 5.6). Samples from the same province clustered well 

with the exception of samples from SSTC. Provinces FKLD, SSTC and NECS were distinct 

from the other provinces along axis PC1 and were grouped tightly by cast along axis PC2. 

Other provinces were more closely clustered, forming two groups along axis PC2. Group 1 

was composed mostly of samples from 97 % and 55 % light depths of provinces NADR, 

NASTE and SATL. Group 2 was composed of provinces NATR, ETRA and the 1 % light 

depths of the 1st group. The only province to show a difference in sample grouping between 

DNA and RNA PCoAs was NASTW, which was clustered with group 1 in the DNA PCoA 

(figure 5.6a) and with group 2 in the RNA PCoA (figure 5.6b).  
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Figure 5.6.  Principal Coordinates Analysis (PCoA) using weighted UniFrac distance metrics 

of a. DNA samples and b. RNA samples. Symbols represent light depth ( 1 %,  55 %, 

 97 % and  Western Channel Observatory Station E1) colours represent biogeographical 

province and numbers indicate cast number. 
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Minimum spanning trees (MST) were also constructed from the weighted UniFrac metrics 

for DNA and RNA samples (figure 5.7). Corresponding samples from different light depths 

were closely related to each other in provinces FKLD, SSTC and NECS. Whereas, in all 

other provinces, samples from 97 % and 55 % light depths were more closely related to each 

other than the corresponding samples from the same station from 1 % light depth. This 

pattern was strongest in the DNA MST (figure 5.7a), where samples from 1 % light depth 

of different provinces with the exception of NADR were clustered together  and more related 

to each other than corresponding surface (97 % and 55 %) samples. The RNA MST (figure 

5.7b) was generally linear, with minimal branching. SSTC and FKLD samples were linked 

by NECS to NADR, NASTE, SATL, NASTW, ETRA and NATR in succession. In contrast 

the DNA MST was more heavily branched. SSTC and FKLD samples were linked by NECS 

to NASTW and the other provinces that were branched forming 2 groups as per the PCoA 

plot, with Group 2 being further branched into surface and 1 % light depth samples. 
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Figure 5.7. Minimum spanning tree (MST) using weighted UniFrac distance metrics of a. 

DNA samples and b. RNA samples. Symbols represent light depth ( 1 %,  55 %,  97 

% and  Western Channel Observatory Station E1) colours represent biogeographical 

province. 

RNA

a

b

DNA

stress 0.05

stress 0.02
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5.3.4 Linking bacterioplankton community structure with physiochemical parameters along 

the Atlantic Meridional Transect   

Spearman's rho correlations were conducted on the principle component axes PC1 and PC2. 

PC1 from both DNA and RNA PCoAs correlated positively with seawater temperature and 

salinity, and negatively with oxygen, fluorescence and all nutrients (nitrate/nitrite, phosphate 

and silicate). Axis PC2 (RNA) correlated positively with nitrate/nitrite and axis PC2 (DNA) 

correlated negatively with all nutrients.  

Redundancy analysis (RDA) was also performed on weighted UniFrac metrics of 

RNA and DNA samples. Analysis of variance on RDA models showed that overall, the 

physicochemical data explained the ordination of the samples (figure 5.8) and temperature, 

salinity and oxygen were significant explanatory variables in the DNA RDA and 

temperature, salinity, oxygen and fluorescence were significant explanatory variables in the 

RNA RDA (table 5.4). 

 

Table 5.4. Analysis of variance (ANOVA) of Redundancy analysis (RDA) models, bold text 

indicates significant values. 

Variable 
DNA RNA 

F value p value F value p value 

Temperature 28.2 0.001 27.9 0.001 

Salinity 9.3 0.001 5.4 0.004 

Oxygen 5.7 0.002 2.9 0.037 

Fluorescence 2.0 0.080 3.5 0.019 

PAR 0.5 0.758 0.6 0.652 
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Figure 5.8. Redundancy analysis (RDA) using weighted UniFrac distance metrics of a. DNA 

samples and b. RNA samples. Symbols represent light depth ( 1 %,  55 %,  97 % and 

 Western Channel Observatory Station E1) colours represent biogeographical province 

and numbers indicate cast number. 

RNA

a

b

DNA

F =9.1, p =0.001 

F =8.1, p =0.001 
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5.3.5 Comparison between total (DNA) and active (RNA) diversity  

Log likelihood-ratio tests were used to compare RNA abundance to DNA abundance for 

each abundant (>0.1 % RA) taxon. Over the whole transect, only 5 taxa, 4 of which belonged 

to the Cyanobacteria (Prochlorococcus, Synechococcus, Subsection I other and 

Trichodesmium) and the Gammaproteobacteria KI89A clade, had a significantly 

(Bonferroni p <0.05) higher abundance in RNA samples compared to DNA samples. 13 taxa 

had a significantly lower abundance in RNA samples compared to DNA samples and the 

remaining 22 taxa showed no significant difference between RNA and DNA abundance.  

When grouped by province, 29 of the 38 taxa showed a significant difference 

between RNA and DNA abundance in at least one province. The ratio of RNA to DNA 

abundance was calculated for each taxon in each province. Across all provinces, 45 % of 

taxa (n 17) had a mean ratio of ~1:1, 39 % (n 15) had a mean ratio <1:1) and 16 % (n 6) had 

a mean ratio >1:1 (figure 5.9).  
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Figure 5.9. Heat map showing the ratio of RNA to DNA abundance for all abundant taxa 

(>0.1% RA). Symbols indicate mean RNA:DNA ratio for each taxa across the whole transect 

( >1:1,  <1:1 and — =1:1). Bold numbers indicate a significant difference (Bonferroni 

p <0.05) between RNA and DNA abundance by province. Underlined taxa indicate a 

significant difference (Bonferroni p <0.05) between RNA and DNA abundance over all 

samples. 

  

NECS NADR NASTE NASTW NATR ETRA SATL SSTC FKLD
0.14 0.31 0.17 0.11 0.04 0.08 0.21 0.10 1.27 Acidimicrobiales 

2.20 1.19 1.20 1.58 0.76 0.40 0.99 3.00 2.09 Cytophagales —
1.10 0.32 0.33 0.46 0.19 0.20 0.25 0.87 1.10 Flavobacteriales —
1.37 0.30 0.67 0.32 0.40 0.30 0.24 0.67 0.17 Sphingobacteriales 

1.60 0.62 0.54 0.56 0.28 0.27 0.11 1.44 nd Bacteroidetes Other —
3.78 1.04 1.03 2.68 0.64 0.47 0.27 2.10 2.00 SAR202 clade 

2.48 1.70 2.11 1.26 1.91 1.99 1.45 3.49 0.28 SubsectionI Prochlorococcus 

34.15 2.24 3.08 0.70 0.95 1.14 10.45 2.23 0.04 SubsectionI Synechococcus 

4.47 4.16 6.17 2.27 2.08 1.10 2.39 3.82 0.15 SubsectionI Other 

nd nd 2.00 29.27 31.39 5.00 nd 1.00 nd SubsectionIII 

4.72 2.45 2.44 4.00 1.60 1.36 2.10 0.71 nd ML635J-21 

1.41 1.61 0.89 1.46 0.55 0.66 0.65 0.72 2.66 SAR406 clade —
0.56 0.37 0.21 nd 0.34 0.17 0.14 0.17 0.62 Nitrospinales 

0.06 0.02 0.01 0.08 0.03 0.01 0.05 0.17 0.07 Phycisphaerales 

0.05 0.03 0.03 0.04 0.02 0.02 0.04 0.02 0.08 Planctomycetales 

0.60 0.33 0.22 0.42 0.18 0.19 0.17 0.39 0.75 Rhizobiales 

0.65 0.33 0.25 0.30 0.45 0.72 0.43 0.62 0.79 Rhodobacterales —
0.69 0.30 0.28 0.43 0.25 0.23 0.28 0.49 0.80 Rhodospirillales 

0.79 0.31 0.36 0.65 0.24 0.29 0.47 0.66 1.76 Rickettsiales (excl. SAR11) —
0.04 0.02 0.02 0.05 0.01 0.01 0.03 0.06 0.13 Rickettsiales (SAR11 clade) 

0.00 0.55 0.50 0.54 0.51 0.51 0.34 0.94 0.55 Sphingomonadales 

1.06 0.97 0.79 1.53 0.75 1.02 0.91 2.11 1.73 Burkholderiales —
0.79 0.32 0.19 nd 0.50 0.20 0.44 1.13 2.10 Methylophilales —
1.15 0.40 0.32 0.31 0.33 0.36 0.26 0.72 0.83 Bdellovibrionales —
0.97 0.52 0.33 0.16 0.15 0.27 0.29 0.72 0.00 Bradymonadales 

0.23 0.25 0.14 0.12 0.04 0.07 0.07 0.20 0.12 Myxococcales 

1.21 0.82 0.65 0.44 0.43 0.39 0.63 1.30 1.25 SAR324 clade(Marine group B) —
1.31 0.80 1.18 1.01 0.97 0.61 0.68 0.93 1.09 Alteromonadales —
0.70 0.30 0.50 0.61 0.40 0.48 0.27 0.40 0.60 Cellvibrionales 

2.20 1.62 1.70 3.06 1.66 1.56 2.27 3.60 3.33 KI89A clade 

1.73 1.56 0.62 1.49 0.54 0.77 0.54 2.42 nd Legionellales —
0.77 0.34 0.31 0.66 0.27 0.32 0.32 1.05 1.38 Oceanospirillales —
4.00 0.31 0.23 0.75 0.27 0.31 0.38 1.49 2.33 Salinisphaerales —
1.13 0.86 1.11 1.52 0.39 0.37 1.07 1.38 2.76 Thiotrichales —
0.67 0.87 0.58 18.00 0.48 0.79 0.97 1.21 1.50 Xanthomonadales 

0.21 0.06 0.10 0.04 0.08 0.08 0.01 0.11 0.33 SBR1093 

0.14 0.06 0.05 0.10 0.03 0.02 0.03 0.10 0.00 Arctic97B-4 marine group 

0.17 0.03 0.08 1.12 0.02 0.00 0.08 0.08 nd MB11C04 marine group 

0.94 0.98 0.51 0.81 0.31 0.20 0.44 1.00 nd Puniceicoccales —
1.05 1.32 0.53 1.08 0.29 0.76 0.64 1.00 0.80 Verrucomicrobiales —
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5.4 Summary of the physicochemical characteristics along the Atlantic Meridional 

Transect 

The Atlantic Ocean can be partitioned into domains and provinces that are based on physical 

oceanographic features and biological production estimates (Longhurst et al., 1995), the 

details of which have been reviewed for the AMT previously (Aiken et al., 2000). During 

AMT25, twice daily casts recorded core physicochemical data along the transect that crossed 

ten biogeochemical provinces (figure 5.1).  The northern temperate region (66-33°N) was 

relatively well mixed and characterised by lower seawater temperatures (~15 °C) and salinity 

(~36 PSU). Nutrients were low (mean 2.2 µM L-1 nitrate+nitrite, 1.4 µM L-1 silicate and 0.2 

phosphate µM L-1) and oxygen high (mean 224 µM L-1), fluorescence was very high in the 

upper 50 m especially in the coastal domain at Station E1 (maximum 2.6 RFU), suggesting 

the presence of a seasonal phytoplankton bloom typical of boreal autumn (Bunse and 

Pinhassi, 2017). This was further evidenced by a high abundance of mainly pico-eukaryote 

primary producers (supplemental Figure 5.1). Seawater temperature (15-27 °C) and salinity 

(36-37 PSU) increased moving southward into the sub-tropical (33-23°N) and tropical 

northern Atlantic (23°N-0°), which was characterised by high surface seawater temperatures 

(25-30 °C) and salinity (37-38 PSU). Fluorescence (<0.1RFU) and oxygen (57 µM L-1) were 

low, increasing slightly around 100-150 m at the DCM to maximum of 0.5 RFU and 223 

µM L-1 respectively. Temperatures remained high into the equatorial region but salinity 

decreased (35-36 PSU). Fluorescence increased slightly to 1 RFU around the equator as did 

the abundance of eukaryotic primary producers (supplemental Figure 5.1); the DCM was 

located at ~ 50 m close to a high nutrient/low oxygen zone that existed below the thermocline 

between 20°N and 20°S. The characteristics of southern tropical Atlantic (0°-23°S) were 

much the same as the north although temperatures were slightly lower (12-24 °C) and the 

DCM extended to ~200 m. Nutrient levels throughout the tropical Atlantic were close to or 

at detection limits, either side of the equator this nutrient deplete area extends from the 
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surface to around 200 m and describes the northern and southern oligotrophic gyres. 

Temperature and salinity decreased heading south into the southern sub-tropical (23-33°S) 

and temperate Atlantic (33-66°S). The southern temperate region was well mixed and 

characterised by lower temperatures (4-12°C ) and salinity (33-35 PSU) especially below 

40°S (<10 °C and <35 PSU). Nutrient levels (mean 17 µM L-1 nitrate+nitrite, 5 µM L-1 

silicate and 1 µM L-1phosphate) and oxygen (mean 280) were high, with the highest values 

recorded below 40°S. Fluorescence and the abundance of eukaryotic primary producers was 

also higher in the upper 50 m compared to the oligotrophic gyres, but lower than the northern 

temperate ocean suggesting the austral spring bloom was not yet established due to lower 

seawater temperatures.  

 

5.5 Discussion 

5.5.1 Diversity and distribution of total and active bacterioplankton along the Atlantic 

Meridional Transect  

Each province has distinct physicochemical characteristics (Longhurst et al., 1995) that 

could influence the composition of the resident microbial community. A recent study by 

Milici et al. (2016) showed that bacterioplankton communities in the Atlantic exhibit strong 

biogeographical patterns in response to differing environmental drivers but did not report 

the composition of the communities. In this study, bacterioplankton communities were also 

found to vary significantly by province, and the physicochemical seawater properties 

temperature, salinity, oxygen and fluorescence significantly influenced provincial 

differences in agreement with Milici et al. (2016). The bacterioplankton present were 

generally uniform across all provinces, with communities dominated by members of the 

Cyanobacteria, Alphaproteobacteria, Bacteroidetes and Gammaproteobacteria. However, 

the relative contribution of individual taxa to the communities varied significantly, agreeing 
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with the suggestion that bacterioplankton community composition is determined by 

abundance rather than presence i.e. by changes in the abundance of the bacteria present in 

the community rather than by changes in the presence or absence of specific bacterial taxa 

(Caporaso et al., 2012, Gibbons et al., 2013).  

Prochlorococcus dominated the communities in all provinces except those in the 

temperate coastal domains (NECS and FKLD), where the relative abundances of 

heterotrophic bacterioplankton such as Flavobacteriales, Rhodobacterales, the SAR11 clade 

and Oceanospirillales were higher. This pattern largely followed the distribution of 

eukaryotic primary producers, which are thought to out compete prokaryotic phytoplankton 

in productive regions (Zinger et al., 2011). The coupling between eukaryotic phytoplankton 

and heterotrophic bacterioplankton is well documented (Buchan et al., 2014) and has been 

discussed previously (Chapter 4). Province SSTC which is the convergence zone between 

the productive Southern Ocean and the more oligotrophic Southern Atlantic Ocean was also 

characterised by a higher abundance of these heterotrophs and the Cyanobacterium 

Synechococcus which is associated with more productive nutrient regimes (Flombaum et al., 

2013, Pittera et al., 2014). Consequently, bacterioplankton communities in these three 

provinces were more similar to each other than with neighbouring sub-tropical/tropical 

provinces and considered to be mesotrophic. The remaining provinces which had a higher 

abundance of the oligotrophs Prochlorococcus and the SAR11 clade were closely grouped 

and considered to be oligotrophic.   

The oligotrophic provinces could also be further divided into sub-tropical (NASTW 

and SATL) and tropical (NATR and ETRA) provinces. The provinces NADR and NASTE 

are geographically temperate (i.e. >33°N) but were more similar to the provinces in sub-

tropical regions, and so were included in the sub-tropical grouping. Bacterioplankton 

communities from sub-tropical provinces were generally quite similar to the 

bacterioplankton communities from tropical provinces, but had a slightly higher relative 
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abundance of copiotrophic heterotrophs such as the Flavobacteriales and a slightly lower 

relative abundance of Prochlorococcus. This distribution of bacterioplankton coupled with 

physicochemical variables that are midway between the mesotrophic (NECS, SSTC and 

FKLD) and tropical oligotrophic provinces (NATR and ETRA) suggest that changes in the 

bacterioplankton community occur over a latitudinal gradient and/or with distance from the 

coast, presumably in response to changing environmental conditions. Therefore, sub-tropical 

provinces are transitional regions connecting temperate and tropical regions of the ocean. 

Interestingly, NASTW was the only province to vary between total community and 

active community in the ordination analyses. This apparent switch in group is possibly due 

to an increase in the abundance of Rickettsiales (excluding the SAR11 clade) in the active 

community. The abundance of Alteromonadales also increased in both total and active 

communities of the NASTW province. Alteromonadales are typical r-strategists, blooming 

rapidly in response to increased available substrates (Vergin et al., 2013, López-Pérez and 

Rodriguez-Valera, 2014). In addition, the abundance of Trichodesmium sp., which are 

known to bloom in response to atmospheric iron deposition (Capone et al., 1997, Chen et 

al., 2011, Rubin et al., 2011), increased in neighbouring province NATR. These two 

provinces are within the influence of nutrient and trace metal inputs from Saharan dust 

(Baker et al., 2006), it is possible that these taxa were responding to atmospheric deposition 

of terrestrial nutrients.  

Seasonal scale variations in bacterioplankton communities are greatest in temperate 

regions compared to sub-tropical and tropical regions (Bunse and Pinhassi, 2017). In this 

study, the mesotrophic provinces showed greater variability than oligotrophic provinces, 

most likely due to differences in nutrient status between the northern and southern 

hemisphere in opposing seasons. Northern province NECS (autumn) had low nutrient levels 

in common with oligotrophic provinces but high eukaryotic primary production in common 

with southern temperate provinces SSTC and FKLD (spring). Prochlorococcus were 
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dominant in province NECS, but less dominant in province SSTC and FKLD when 

Flavobacteriales became more dominant. These diversity patters agree with seasonal scale 

studies of temperate regions discussed in detail in Chapter 4, which show that oligotrophic 

bacterioplankton increase in abundance during summer and autumn seasons in contrast to 

spring when copiotrophs (e.g. Rhodobacterales) dominate (Bunse and Pinhassi, 2017). 

It is also worth noting that in this study each province was represented by samples 

within a relatively localised area (~150 km), while this is representative when comparing the 

bacterioplankton community over the entire transect, it is possible that the community could 

vary within a province. STN8 was divided across the two adjacent provinces SSTC and 

FKLD, with the bacterioplankton communities from these samples more closely related by 

their spatial proximity than their province grouping. This may be due to seasonal variation 

in the geographical position of the classic Longhurst province boundary (Reygondeau et al., 

2013) or may be evidence that transitional gradients exist over province boundaries.      

5.5.2 Bacterioplankton presence vs. bacterioplankton activity 

Using RNA:DNA ratios Hunt et al. (2013) showed that bacterial activity was decoupled from 

bacterial abundance in the Pacific (i.e. high abundance does not denote high activity). To 

investigate the active communities in this study, 16S rRNA gene transcripts were compared 

to 16S rRNA gene abundance. Although the overall diversity and distribution of the total 

and active communities were comparable, the relative abundance of individual taxa varied 

significantly between total and active communities leading to variations in the RNA:DNA 

ratios.  

On the whole, marine bacterioplankton communities are considered active according 

to previous methods (Campbell et al., 2011, Hunt et al., 2013,), with a mean activity to 

abundance RNA:DNA ratio of 1.18. However, this activity level was not uniformly 

distributed across provinces or taxa. Overall, the activity of heterotrophs was low in contrast 
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to the autotrophic Cyanobacteria, which were highly active members of the community. The 

high activity of the Cyanobacteria is predictable given their significant role in photosynthetic 

primary production in the open ocean (Partensky et al., 1999, Richardson and Jackson, 2007, 

Uitz et al., 2010).  

In this study, bacterioplankton communities were more active in the mesotrophic 

provinces compared to the communities in oligotrophic provinces. The increased activity in 

the northern and southern mesotrophic provinces was largely attributed to members of the 

Bacteroidetes, Alphaproteobacteria and Gammaproteobacteria. Cyanobacteria (excluding 

Prochlorococcus and Trichodesmium) also contributed to increased activity in the northern 

mesotrophic provinces. Bacterial (secondary) production shows a positive relationship with 

chlorophyll-a (a proxy for primary production) (del Giorgio and Scarborough, 1995, Ortega-

Retuerta et al., 2008). Heterotrophic bacterioplankton (including members of the 

Bacteroidetes, Alphaproteobacteria and Gammaproteobacteria) have also been shown to be 

less active in the uptake of dissolved organic matter (DOC) derived from Prochlorococcus 

(the dominant primary producer in this study) than from other primary producers such as 

Synechococcus and diatoms (Sarmento and Gasol, 2012). Therefore it is likely that the 

higher heterotrophic activity in coastal provinces was stimulated by substrates produced by 

eukaryotic phytoplankton, which had a higher abundance in the mesotrophic provinces in 

this study.  

  In agreement with other studies using RNA:DNA ratios (Lami et al., 2009, Hunt et 

al., 2013), the abundant SAR11 clade had low activity across all provinces, which is likely 

a reflection of their oligotrophic life strategy (Giovannoni, 2017). However, several studies 

that have investigated the assimilation of specific compounds such as leucine, glucose and 

other amino acids, suggest that the SAR11 clade are very active in the community 

(Malmstrom et al., 2004, Mary et al., 2006b, Laghdass et al., 2012). Considering the global 

abundance of the SAR11 clade, it is important to elucidate their contribution to 
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bacterioplankton secondary production. The discrepancies in reported SAR11 clade activity 

may be because of the different methodologies used (RNA:DNA ratios vs substrate uptake); 

seawater incubated with supplementary substrates stimulate SAR11 clade activity whereas 

in situ RNA:DNA ratios suggest SAR11 clade activity is low in the environment. These 

results taken together show the SAR11 clade has potential to be a highly active member of 

the community when conditions suit, (i.e. when concentrations of labile substrates such as 

amino acids are more abundant) but otherwise exhibit low activity. These results also suggest 

more environmentally relevant substrates such as organic matter (OM) derived from 

phytoplankton cultures should be used to determine heterotrophic productivity as suggested 

by Sarmento and Gasol (2012), who showed that the SAR11 clade have very low interaction 

strength with Prochlorococcus derived DOC but very high interaction strength with leucine.  

In contrast to the SAR11 clade, the oligotrophic Gammaproteobacteria K189A clade 

had a higher than average activity in all provinces but was generally a rarer member of the 

community. The K189A clade is a member of the oligotrophic marine 

Gammaproteobacteria group (OMG) and has slow growth rates (Cho and Giovannoni, 

2004). Therefore the high RNA:DNA ratio seen in the K189A clade is likely a result of 

increased metabolic activity rather than increased growth. These results suggest that 

abundant oligotrophs employ a different strategy to rare oligotrophs, with the SAR11 clade 

displaying a less active but abundant strategy versus K189A clade that displays a rare but 

active strategy.  

5.5.3 The vertical distribution of total and active bacterioplankton in relation to light 

Solar radiation impacts the activity of some bacteria and has been shown to alter 

bacterioplankton community composition (Alonso-Saez et al., 2006). The effect of light on 

the composition of the bacterioplankton community was examined by comparing samples 

taken at three different light depths; NECS was excluded from these analyses as the sampling 
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occurred at a different time of day from only two nominal depths. The overall active 

bacterioplankton community (i.e. RNA-derived) in this study did not differ significantly with 

light intensity, although several individual taxa did show some significant differences. 

Conversely, an overall significant difference in total bacterioplankton communities (i.e. 

DNA-derived) was seen between 'high' (97 % and 55 %) and 'low' (1 %) light depths.  

Of the total and active bacterioplankton communities, the majority of taxa to show a 

significant difference by light depth were lower in abundance at high light depths than at 

low light depths (e.g. Rhizobiales, SAR406 clade, Alteromonadales, Acidimicrobiales). 

Taxa that showed a significant difference in both the active community and the total 

community showed the same relationship, suggesting that the RNA:DNA ratio i.e. activity 

level did not change in response to light but their abundance did. The Gammaproteobacteria 

K189A clade and the Cyanobacteria Trichodesmium sp. had a significantly higher 

abundance in the active community at depths where there was high light intensity with no 

difference seen in the abundance of the total community, suggesting that these taxa were 

more active at high light depths and have some form of UVR resistance or tolerance. 

Trichodesmium sp. are known to produce protective compounds such as mycosporine-like 

amino acids (Cai et al., 2017) enabling them to inhabit near surface waters (Capone et al., 

1997). A high proportion of Gammaproteobacteria have also been shown to be resistant to 

UVR (Agogue et al., 2005b). UVR resistance in the K189A clade has not been determined, 

although other members of the OMG group are known to contain genes enabling 

mixotrophic growth using light (Spring et al., 2015).  

Previous studies have shown that Prochlorococcus are more sensitive to UVR stress 

than Synechococcus (Llabrés and Agustí, 2006, Six et al., 2007, Zinser et al., 2007, Mella-

Flores et al., 2012). However, the vertical distribution of Cyanobacteria in this study did not 

show any distinctive patterns that suggested light-dependant niche partitioning within this 

phylum. This is possibly because vertical partitioning according to high and low light is less 
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defined in Synechococcus which exhibits stronger latitudinal niche partitioning (Pittera et 

al., 2014, Zwirglmaier et al., 2007) and the OTU cut off of 97 % used in this study would 

not distinguish between light ecotypes of Prochlorococcus (Johnson et al., 2006, Zinser et 

al., 2007).  

5.5.4 Diurnal patterns in the distribution of total and active bacterioplankton  

Circadian rhythms are established in Cyanobacteria and some heterotrophic bacteria have 

also been shown to possess genes associated with ‘time keeping’ (Johnson et al., 2017). 

Whether bacteria contain true biological clocks or just diurnally regulated genes, they are 

exposed to variations in light and other physicochemical variables over a diurnal cycle 

potentially influencing bacterioplankton community structure. Diurnal effects of light on the 

bacterioplankton community were investigated by comparing samples taken during pre-

dawn and solar noon casts. For these analyses, NECS was also excluded for the same reasons 

mentioned before. Although overall there was no significant difference between noon and 

pre-dawn bacterioplankton communities, some specific dominant taxa showed a significant 

difference in noon and pre-dawn abundance.  

In both the total and active bacterioplankton communities Rhodobacterales were 

more abundant in noon samples and Flavobacteriales were more abundant in pre-dawn 

samples.  Members of both Bacteroidetes and Rhodobacterales have also been shown to 

have rhythmical genes that are expressed with a periodicity of 24 h, such as circadian clock 

genes kaiBC and oscillator gene prx (Loza-Correa et al., 2010, Hörnlein et al., 2018). 

Building upon the substrate controlled succession/niche separation of heterotrophic 

bacterioplankton proposed by Teeling et al. (2012) and Buchan et al. (2014) the metabolic 

wave theory proposes diurnal variation in heterotrophic activity is also coupled to the 

production and availability of organic matter from primary producers (Gasol et al., 1998, 

Ottesen et al., 2014). Given these two taxa occupy co-occurring niches and are often 
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associated with phytoplankton, their contrast in total and active abundance may be a result 

of substrate specialisation. Flavobacteriales degrade high-molecular weight OM (e.g. 

phytoplankton-derived polysaccharides), and Rhodobacterales degrade associated low-

molecular weight OM (e.g. monosaccharides) (Buchan et al., 2014).  

Although OM concentration was not recorded in this study, a previous study by 

Obernosterer et al. (2001) found that DOC in the sub-tropical Atlantic to be higher in the 

morning (08:00) than at noon, similar patterns have also been observed for amino acids and 

particulate organic carbon (POC) in the Baltic sea (Mopper and Lindroth, 1982, Szymczycha 

et al., 2017). Assuming the same pattern is true for this study, the higher abundance seen in 

primary degraders (Flavobacteriales) at pre-dawn and higher abundance seen in the 

secondary degraders (Rhodobacterales) at noon would be explained by the metabolic wave 

hypothesis.  

The abundance of some Cyanobacteria taxa also varied significantly between pre-

dawn and noon sampling times, Prochlorococcus was more abundant at noon in the total 

and active community and Subsection I other which was most closely related to 

Synechococcus sp., was more abundant at dawn in the active community. However because 

these taxa also varied significantly by light depth, further comparison was made between 

pre-dawn and noon at each different light depth. In the total community (DNA-derived) 

Prochlorococcus and Synechococcus showed little variation in abundance between noon and 

pre-dawn, although their abundance increased with depth at noon and decreased with depth 

pre-dawn. In the active community (RNA-derived), Prochlorococcus and Synechococcus 

were both more abundant pre-dawn and decreased in abundance with depth at both noon and 

pre-dawn sampling times. The same relationship was also seen for the putative 

Synechococcus but was less pronounced.  

The patterns seen in the total community suggest that trade-offs exist between 

photosynthesis and UVR stress; although the vertical distribution of Cyanobacteria appears 
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to be influenced diurnally by light, Cyanobacteria are overall more abundant during the day 

when PAR is higher. The higher abundance seen in the active community pre-dawn is more 

likely indicative of cell division rather than other metabolic processes such as 

photosynthesis. Zubkov et al. (2000) showed a higher proportion of Prochlorococcus in the 

Atlantic contained double the amount of DNA at night than during the day. A diurnal strategy 

of cell division at night and photosynthesis during the day may allow for more efficient use 

of light hours, and limit UVR damage which has been linked to cell activity (Alonso-Saez 

et al., 2006). Also growth at night may boost the population which probably becomes 

depleted throughout the day by UVR induced cell death (Llabrés and Agustí, 2006).  

5.5.5 Conclusions 

This study characterised the bacterioplankton communities from nine different 

biogeochemical provinces spanning the north and South Atlantic Ocean, showing that the 

bacterioplankton community composition was typical of the environments investigated (e.g. 

open ocean and coastal), and exhibited strong biogeographical variation in response to 

prevailing seawater characteristics (figure 5.10).  

The data presented here suggest that the physicochemical properties that define 

provinces occur across gradients. While biogeochemical provinces are a useful tool to 

estimate environmental conditions the variation in physicochemical properties within a 

province can affect the bacterioplankton community. Therefore, the general characteristics 

of a province are not enough to accurately predict bacterioplankton community composition 

and activity without more specific physicochemical data, which may have implications for 

biogeochemical modelling.   

A major aim of this study was to compare total and active bacterioplankton 

communities. We have shown that bacterioplankton activity is decoupled from abundance 

throughout the Atlantic, although the two community types show similar patterns in beta 
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diversity. Cyanobacteria were among the most active members of the community, 

compounding their important role in primary production in the open ocean. In contrast, the 

abundant SAR11 clade were one of the least active members of the community, raising 

uncertainty about their potential contribution to bacterial secondary production. Organic 

carbon source (i.e. the dominant primary producer) is potentially important in determining 

the activity of dominant heterotrophic bacterioplankton with the activity of copiotrophs most 

likely coupled with eukaryotic primary producers.  

There are limitations in using RNA as a measure of activity; RNA concentration does 

not always correlate to growth rate and this relationship can differ between taxa. Without a 

better understanding of how RNA concentration relates to different metabolic activities it is 

not possible to determine if the activity measured in the environment relates to growth 

activities or non-growth activities (Blazewicz et al., 2013). However, there is still merit in 

using RNA as a measure of activity, here we have normalised RNA to DNA concentration 

and shown changes in activity for different taxa over a range of environments, in this context 

using RNA:DNA ratios as an estimate of bacterial activity could help improve our 

understanding of bacterioplankton production in the oceans, and if applied to functional gene 

transcription and abundance has potential to improve measures of ecosystem function by 

individual taxa or the community as a whole. 

 This study suggests that light contributes to the vertical distribution of 

bacterioplankton communities in the open ocean. Surprisingly, light did not significantly 

affect the overall structure of the active community. However, the activity of a few taxa such 

as the Cyanobacteria did vary according to light depth. Although not identified in this study, 

light niches are likely to exist but require a higher taxonomic resolution to resolve different 

ecotypes. Using a higher OTU cut off or amplicon sequence variants (ASVs) to identify 

variation in highly similar sequences could help to further resolve distribution patterns 

within closely related taxonomic lineages.   



 

177 

 

Whole bacterioplankton communities did not vary between noon and pre-dawn, but 

ecologically important members of the community did show distinct differences in activity.  

Our data provides supporting evidence that Prochlorococcus and other Cyanobacteria have 

higher growth rates during dark hours. We also show diurnal patterns in heterotrophic 

bacterioplankton and suggest that this is a result of the metabolic wave theory proposed 

previously (Ottesen et al., 2014).  
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Figure 5.10. Conceptual diagram of the open ocean environment illustrating the typical bacterioplankton community composition in response to 

different biogeographical environments over a latitudinal transect of the Atlantic including a schematic of depth resolved variation in response to 

light. 
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5.6 Supplemental material 

 

Supplemental figure 5.1. Data-Interpolating Variational Analysis (DIVA) gridded section 

plots showing flow cytometry data [Cells mL-1] along the AMT25 during 2016. a) total 

eukaryotic phytoplankton, b) Synechococcus and c) Prochlorococcus. Depth [m] on the Y 

axis vs. latitude on the X axis. Symbols represent position of water samples analysed in this 

study ( noon,  pre-dawn and  Western Channel Observatory Station E1).
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Chapter 6  

A multidisciplinary approach to studying 

the sea surface microlayer reveals the 

complexity of physicochemical influences 

on bacterioneuston diversity  
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6.1 Introduction 

The sea surface microlayer (SML) is the physical boundary between the atmosphere and the 

marine environment, generally defined as the upper most 1mm of the surface ocean (Hunter, 

1980). The SML is a biogenic particle-enriched biofilm layer (Sieburth, 1983, Wurl and 

Holmes, 2008, Cunliffe and Murrell, 2009) that can exist as an invisible (to the eye) layer or 

visible layer that is often referred to as a ‘slick’ resulting from the increased supply of organic 

matter (OM) to the SML (Salter et al., 2011). The SML has physicochemical properties that 

differ significantly from the underlying water (ULW) (Zhang et al., 2003), forming a unique 

microhabitat and often creating distinct biological communities termed neuston (Naumann, 

1917). Covering 70% of the Earth's surface, the SML influences everything that passes 

through the air-sea boundary and therefore has a major role in global biogeochemical and 

climate processes.  

Bacterioneuston communities originate from the underlying bacterioplankton 

community (Agogue et al., 2005a, Joux et al., 2006, Stolle et al., 2011) but can have 

markedly different community structure (Franklin et al., 2005, Joux et al., 2006, Cunliffe et 

al., 2009). It is largely accepted that the differences between the bacterioneuston and 

bacterioplankton community structure are in response to SML-specific ecological drivers 

(Cunliffe et al., 2011). Previous studies have demonstrated changes in bacterioneuston 

community composition and distribution in response to different biological, chemical and 

physical characteristics of the SML, such as prevailing meteorological conditions (Stolle et 

al., 2010, Stolle et al., 2011, Rahlff et al., 2017) and organic matter (OM) composition 

(Obernosterer et al., 2005, Cunliffe et al., 2009, Zäncker et al., 2017). However, few studies 

have examined a large range of co-occurring physicochemical measurements 

simultaneously. The need for a wide-ranging holistic approach when studying the SML has 

been highlighted in review articles over the past decade (Cunliffe et al., 2011, Cunliffe et al., 

2013, Engel et al., 2017, Wurl et al., 2017). Despite many conceptual models of the sea 
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surface microlayer being proposed (e.g. figure 6.1), no previous studies have investigated 

the hypothesised interactions of the major physical, chemical and biological components of 

the SML. 

 

Figure 6.1. Conceptual model of the sea surface microlayer (Cunliffe et al., 2013). 

 

OM is often enriched in the SML (Wurl et al., 2009, Kattner and Brockmann, 1978, Wurl et 

al., 2011a) and exists in a variety of forms such as soluble, colloidal and particulate material. 

Rich in nitrogen (N), phosphorous (P) and carbon (C), OM in the SML is a reservoir of 

valuable substrate for bacterial growth (Zäncker et al., 2017). The SML varies spatially and 

temporally in response to biological, chemical and physical influences (Wurl et al., 2011b), 

and recently OM in the SML has been shown to vary according to the prevailing nutrient 

regime (Zäncker et al., 2017). Yet very little is known about how bacterioneuston 

communities respond to differing geochemical regions.  

In addition to OM, biologically important trace elements are also enriched in the 

SML (Hunter, 1980, Ebling and Landing, 2017). Trace elements enter the SML via 

atmospheric deposition and, based on estimates of residence time in the SML, could be 

altered by biological and chemical processes before passing to the ULW (Ebling and 
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Landing, 2017). Despite the importance of trace elements to microbial community 

composition and biogeochemical functioning in the ocean (Boyd et al., 2017), relatively little 

is known about the fate of trace elements in the SML and microbe-trace element interactions 

remain an underestimated but potentially important component of marine nutrient cycles 

(Wurl et al., 2017). 

Bacterial production in the SML can be limited by physical stressors such as high 

levels of solar radiation and increased exposure to turbulent processes (Stolle et al., 2011, 

Santos et al., 2012). SML ‘stability’ is often defined by wind speed, with the SML reported 

as stable (i.e. distinct from the ULW) at wind speeds up to 5 m s-1 (Stolle et al., 2011, Wurl 

et al., 2011b, Rahlff et al., 2017). Wind speeds in excess of this threshold have been shown 

to inhibit the formation of distinct bacterioneuston communities under experimental 

mesocosm conditions, however, in the marine environment, OM enrichments have been 

shown to persist in the SML under wind speeds up to 10 m s-1 (Wurl and Holmes, 2008, 

Reinthaler et al., 2008, Wurl et al., 2011b). The OM composition of the SML can alter the 

effect of physical stress acting on the surface ocean, including by capillary wave-dampening 

(Salter et al., 2011) or increased viscoelastic properties allowing the SML to rapidly reform 

after disturbance (Wurl et al., 2011b). It has been proposed that OM, especially particulate 

OM, could aid the enrichment of bacterioneuston to persist at increased wind speeds (Stolle 

et al., 2011). However, we currently know little about how the interaction of physical, 

chemical and biological characteristics of the SML, influence the structure of 

bacterioneuston communities. 

The aim of this study was to identify the potential links between the SML 

physicochemical environment and bacterioneuston diversity. The study focused on 

simultaneously examining the influences of physical stress, dust deposition, and 

meteorological processes on the chemical composition of the SML and bacterioneuston 

communities in two contrasting marine environments; the productive coastal Sunda-Arafura 
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shelf region off the north coast of Australia and the oligotrophic open ocean warm pool 

region in the West Pacific Ocean. The extensive collection of co-occurring physicochemical 

data during this study facilitated an unprecedented comprehensive analysis of the SML 

physiochemical environment. In this study, we address three novel questions: 1) Are 

bacterioneuston communities uniform across different broad-scale marine environments? 2) 

What bacterioneuston taxa are enriched in the SML, and what are the physicochemical 

drivers of their enrichment? 3) Do interactions of physical and chemical SML characteristics 

influence the bacterioneuston community composition? 

 

6.2 Method summary 

6.2.1 Seawater sampling 

Sampling was carried out during the Schmidt Ocean Air to Sea cruise (FK161010) from 

Darwin, AU to Guam, US (October 11–November 10, 2016; RV Falkor).  Samples were 

collected at nine coastal stations located in the Sunda-Arafura shelf region off the north coast 

of Australia (figure 6.2a and c) and at 7 oceanic stations in the warm pool region of the west 

Pacific (figure 6.2a and b). SML and ULW samples were collected during AM (~23:00 UTC) 

and PM (~04:00 UTC) workboat deployments. Samples were filtered onto 0.2 µm membrane 

filters and stored in a nucleic acid preservative at -80 ⁰C. On return to the laboratory at the 

MBA, DNA was extracted from the membranes using a commercially available extraction 

Kit and sent for 16S rRNA gene sequencing. 
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6.3 Results 

6.3.1 Physicochemical and meteorological properties 

Overall there was little difference in temperature between the SML and the ULW at both 

coastal and oceanic stations, although temperature showed that the SML was more often 

slightly cooler than the ULW. Seawater temperature ranged 28.0 - 33.6 °C (mean 30.9 °C) 

in the SML and 29.2 - 33.8 °C (mean 30.8 °C) in the ULW at coastal stations (figure 6.3a), 

and 29.0 - 33.6 °C (mean 30.5) in the SML and 29.1 - 32.9 (mean 30.6) in the ULW at 

oceanic stations (figure 6.3b). The SML was generally more saline than the ULW at both 

coastal and oceanic stations, although delta salinity was more varied at oceanic stations. 

Salinity ranged 31.6 - 37.0 PSU (mean 34.90 PSU) in the SML and 32.0 - 36.0 PSU (mean 

34.7 PSU) in the ULW at coastal stations (figure 6.4a) and 31.6 – 35.8 PSU (mean 34.1 PSU) 

in the SML and 32.0 - 34.9 PSU (mean 33.88 PSU) in the ULW at oceanic stations (figure 

6.4b). The pH at coastal stations (figure 6.5a) was generally higher in the SML, range 7.83 

- 8.28 (mean 8.15) than the ULW, range 8.02 - 8.26 (mean 8.12). At stations 4 and 7, the pH 

showed sporadic large drops of ~ 0.15 units in the SML compared to the ULW. The 

difference in pH between SML and ULW was more variable at oceanic stations (figure 6.5b), 

but was generally lower in the SML, range 8.09 - 8.27 (mean 8.18) than the ULW, range 

8.18 - 8.62 (mean 8.62), especially at stations 15 – 17, where the pH of the ULW increased 

by ~ 0.4 units above that of the SML. 
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Figure 6.3. Temperature [°C] measured in the sea surface microlayer (SML) and underlying water (ULW) at a) coastal stations b) oceanic stations. 

Points represent an individual data point, bars represent the difference between the SML and the ULW, and crosses represent the mean for each station 

at AM and PM sampling times. Data is not continuous between stations, intervals between each station are indicated by dashed gridlines.  
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Figure 6.4. Salinity [PSU] measured in the sea surface microlayer (SML) and underlying water (ULW) at a) Coastal stations b) oceanic stations. 

Points represent an individual data point, bars represent the difference between the SML and the ULW, and crosses represent the mean for each station 

at AM and PM sampling times. Data is not continuous between stations, intervals between each station are indicated by dashed gridlines. 
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Fluorescent dissolved organic matter (fDOM) was only recorded for coastal stations (figure 

6.6) and was generally higher in the SML (mean 2.79 µg L-1; range 0.4 - 31.6 µg L-1) than 

the ULW (mean 1.22 µg L-1; range 0.4 - 6.8 µg L-1), with large peaks above average in the 

SML at stations 5, 5B, 6 and 7 and an extreme peak reaching 31.6 µg L-1 at station 4. 
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Figure 6.6. Fluorescent dissolved organic matter (fDOM) [µg L-1] measured in the sea 

surface microlayer (SML) and underlying water (ULW) at coastal stations. Points represent 

an individual data point, bars represent the difference between the SML and the ULW, and 

crosses represent the mean for each station at AM and PM sampling times. Data is not 

continuous between stations, intervals between each station are indicated by dashed 

gridlines. 
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Fluorescent chlorophyll-a in the ULW (1 m) was higher at coastal stations (figure 6.7ai) 

(mean 1.35 µg L-1; range 0.03-24.85 µg L-1) than oceanic stations (mean 0.16 µg L-1; range 

0.03 to 3.77 µg L-1) (figure 6.7aii). Discrete chlorophyll-a concentrations also showed a 

similar trend, and were generally higher in the SML than the ULW at coastal stations (figure 

6.7bi) with a mean difference of 7.57 µg L-1 that was largely driven by a large peak at station 

4.  Chlorophyll-a was generally not enriched in the SML at oceanic stations (figure 6.7bii). 

Surface active substances (SAS) at coastal stations were on average 2.3 times higher 

in the SML (mean 972.78 µg Teq L-1; range 63 - 22,200 µg Teq L-1) than the ULW (mean 

269.53 µg Teq L-1; range 53 to 4,099 µg Teq L -1) with the exception of station 4, which 

showed a large peak in the SML that was on average ~6.8 times higher than the ULW. SAS 

at oceanic stations was only slightly higher (1.1 times) in the SML (mean 102 µg Teq L-1; 

range 49 - 609 µg Teq L-1) than the (ULW mean 83 µg Teq L-1; range 50 - 613 µg Teq L-1) 

except at station 11 where the SML was on average 3.6 times higher than the ULW. 

The partial pressure of carbon dioxide (pCO2) at coastal stations (figure 6.9a) was 

consistently higher in the seawater (mean 470 µatm; range of 432 – 491 µatm) than the air 

(mean 404 µatm; 401 – 408 µatm), resulting in a mean flux of CO2 from the sea to the air of 

67 µ atm at a rate of 5.07 cm h-1. In contrast, the pCO2 at oceanic stations (figure 6.9b) was 

consistently lower in the seawater (mean 358 µatm; range 344-366 µatm) than the air, (mean 

370.69 µatm; range 367-399 µatm), resulting in a mean flux of 12 µatm at 59 cm h-1 from 

the air to the sea.  
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Figure 6.7. Chlorophyll-a measurements a) from fluorescence in the underlying water (ULW) b) from discrete bottle samples of the sea surface 

microlayer (SML) and ULW at i) coastal stations, ii) oceanic stations. Points represent an individual data point, bars represent the difference between 

the SML and the ULW, and crosses represent the mean for each station at AM and PM sampling times. Data is not continuous between stations, 

intervals between each station are indicated by dashed gridlines. 
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Figure 6.8. Surface active substances (SAS) in the sea surface microlayer (SML) and underlying water (ULW) at a) coastal stations and b) at oceanic 

stations. Points represent an individual data point, bars represent the difference between the SML and the ULW, and crosses represent the mean for 

each station at AM and PM sampling times. Data is not continuous between stations, intervals between each station are indicated by dashed gridlines.
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Figure 6.9. Partial pressure of carbon dioxide (pCO2) [µatm] in seawater and air at a) coastal stations and b) oceanic stations. Points represent an 

individual data point, bars represent the difference between the sea and the air, and crosses represent the mean for each station at AM and PM sampling 

times. Data is not continuous between stations, intervals between each station are indicated by dashed gridlines.
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The air temperature measured by the Sea Surface Scanner (SSS) and from the ship agreed 

well and ranged 23.1 to 31.4 °C for the duration of the cruise (figure 6.10a). The mean air 

temperature during sampling periods at coastal and oceanic stations was 29.4 °C and 27.7 

°C respectively. The SSS determined solar radiation ranged from 25-1123 W m2, and was 

generally lowest during the morning with the exception of stations 10 and 11, which were 

low throughout the day. Relative humidity measured from the SSS and from the ship agreed 

and ranged 34.9 to 100 % over the duration of the cruise. Dew point measured from the SSS 

and calculated from ship based relative humidity and air temperature also agreed and ranged 

16.88 to 25.76 °C (figure 6.4b). 

Wind speed measured from the SSS (1 m above sea level) and from the ship (U10N 

= wind speed 10 m above sea level) agreed well and ranged from 0.0 to 15.4 m s-1 (figure 

6.11a). Mean wind speed during sampling at the coastal stations was 3.4 m s-1. Wind speeds 

during sampling at oceanic stations were slightly higher (mean 6.01 m s-1). Wind stress 

ranged from 0.00-0.47 N/ m2 for the duration of the cruise (figure 6.11b), with a mean wind 

stress at 0.02 N/ m2 at coastal stations and 0.06 N/ m2 at oceanic stations. Atmospheric 

boundary layer stability represented by Monin-Obukhov length ranged from -0.42 to -524.29 

m for the duration of the cruise (figure 6.11c), with mean values of -11.9 m for coastal 

stations (with exception of station 2 AM which had a mean of 315.6 m) and -31.45 m for 

oceanic stations. The low negative values indicate that the atmospheric turbulence at the air-

sea boundary was influenced more strongly by buoyant forces than shear forces. 
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Figure 6.10. Meteorological parameters measured from the sea surface scanner (SSS) and ship. a) air temperature, b) relative humidity and dew point. 

Points represent an individual data point and crosses represent the mean for each station at AM and PM sampling times.  
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Figure 6.11. Meteorological parameters measured from the sea surface scanner and ship. a) wind speed, b) wind stress, c) Monin-Obukhov length. 

Points represent an individual data point and crosses represent the mean for each station at AM and PM sampling times.  
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Dust deposition was 36 times greater at coastal stations (figure 6.12a) than oceanic stations 

(figure 6.12b), using dust concentration values from aerosol measurements [ng m3-3] as a 

proxy for flux (Duce et al., 1991), the mean flux of dust from the atmosphere into the sea 

was calculated as 1444 µg.m2.d-1 and 40 µg.m2.d-1 respectively. At the coastal stations, 

particulate aluminium (P-Al) was enriched in the SML by a mean factor of 3.8 (figure 

6.13ai), particulate iron (P-Fe) by a mean factor of 4.0 (figure 6.13bi) and particulate 

phosphorous (P-P) by a factor of 3.3 (figure 6.13ci). Even though trace metal concentrations 

at oceanic stations were very low compared to the coastal stations, P-Al, P-Fe and P-P were 

still enriched in the SML by a mean factor of 3.4 (figure 6.13aii), 4.6 (figure 6.13bii) and 2.0 

(figure 6.13cii) respectively. 

 

 

Figure 6.12. Composition of atmospheric dust [ng m3-3] at a) coastal stations and b) oceanic 

stations. 
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Figure 6.13. Particulate trace metals [nmol L-1] from the sea surface microlayer (SML) and 

underlying water (ULW). a) particulate aluminium (P-Al), b) particulate iron (P-Fe), c) 

particulate phosphorous (P-P), d) composition of atmospheric dust at i) coastal stations and 

ii) oceanic stations. 
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6.3.2 General bacterial diversity  

The bacterioneuston and bacterioplankton communities at the coastal and oceanic stations 

were assessed by 16S rRNA gene amplicon high-throughput sequencing. Reads were filtered 

to exclude singletons, eukaryotic, archaeal, and organelle (e.g. chloroplast) sequences and 

rarefied to a depth of 10,787 per sample resulting in a total of 1,445,458 high quality reads 

representing 1,251 operational taxonomic units (OTUs) based on 97% similarity. 29 

abundant (>0.1 % relative abundance) orders at coastal sites and 32 abundant (>0.1 % 

relative abundance) orders at oceanic sites were determined. Both coastal and oceanic sites 

were dominated by the same 5 orders, which accounted for 76 % of the total normalised 

abundance across all stations (figure 6.14a and b). The SAR11 clade, Rhodobacterales and 

Flavobacteriales abundance was consistent between coastal and oceanic sites, comprising 

approximately 39 %, 7 % and 6% of the community respectively. Synechococcales 

(subsection I) made up 18 % of the community at both coastal and oceanic sites, however 

the ratio between the genera Synechococcus and Prochlorococcus varied greatly between 

sites, from 1:1 at the coastal stations to 1:17 at oceanic stations. The order also varied 

between sites, accounting for 10 % of relative abundance at the oceanic site and just 1 % of 

relative abundance at the coastal site.  



 

201 

 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

SM
L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW

AM PM AM PM AM PM AM PM AM PM AM PM AM PM AM PM AM PM

1 2 3 4 5 5B 6 7 8

R
e

la
ti

ve
 a

b
u

n
d

an
ce

Station, Time, Depth

Verrucomicrobiales

R76-B128 Other

Puniceicoccales

MB11C04 marine group

Gammaproteobacteria Other

Salinisphaerales

Oceanospirillales

Cellvibrionales

Alteromonadales

SAR324 clade(Marine group B)

Myxococcales

Bradymonadales

Bdellovibrionales

Alphaproteobacteria Other

Rickettsiales SAR11 clade

Rickettsiales (exl.SAR11)

Rhodospirillales

Rhodobacterales

Rhizobiales

 Marinimicrobia (SAR406 clade)

SubsectionIII (Trichodesmium)

SubsectionI (Synechococcus)

SubsectionI (Prochlorococcus)

SubsectionI (Other)

Sphingobacteriales

Flavobacteriales

Cytophagales

Bacteroidetes Order III

Acidimicrobiales

a Coast

SAR11 clade

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

SM
L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW SM

L

U
LW

AM PM AM PM AM PM AM PM AM PM AM PM AM PM

9 10 11 13 15 16 17

R
e

la
ti

ve
 a

b
u

n
d

an
ce

Station, Time, Depth

Verrucomicrobiales

R76-B128 Other

Puniceicoccales

MB11C04 marine group

Gammaproteobacteria Other

Vibrionales

Thiotrichales

Pseudomonadales

Oceanospirillales

Legionellales

Cellvibrionales

Alteromonadales

SAR324 clade(Marine group B)

Oligoflexales

Myxococcales

Bradymonadales

Bdellovibrionales

Alphaproteobacteria Other

Sphingomonadales

Rickettsiales SAR11 clade

Rickettsiales (exl.SAR11)

Rhodospirillales

Rhodobacterales

Rhizobiales

Marinimicrobia (SAR406 clade)

SubsectionIII (Trichodesmium)

SubsectionI (Synechococcus)

SubsectionI (Prochlorococcus)

Sphingobacteriales

Flavobacteriales

Cytophagales

Acidimicrobiales

b Ocean

SAR11 clade

 

Figure 6.14. Relative abundance showing the distribution of bacterial orders (>0.1% relative 

abundance) at a) coastal stations and b) oceanic stations. Shaded areas represent missing data 

points. 
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6.3.3 Variance in bacterial communities by beta diversity analyses 

Based on their geographical location, stations 1 to 8 were defined as coastal and stations 9 

to 17 were defined as oceanic in this study. Principle coordinates analysis (PCoA) of all 

samples showed a separation along the leading diagonal, which loosely grouped the samples 

into coastal and oceanic sites, with some overlap between the coastal stations 3, 5 and 5B 

and the oceanic stations (figure 6.15a). The ULW samples were tightly grouped while the 

SML samples showed more variation. Redundancy analysis (RDA), constraining the PCoA 

by category’s site (i.e. coastal/oceanic) and depth (i.e. SML/ULW) showed the centroids of 

coastal and oceanic sites were separated along axis dbRDA1 (figure 6.15b), while the 

centroids of SML and ULW samples were separated along axis dbRDA2. Permutational 

multivariate analysis of variance (PERMANOVA) of all samples showed that samples 

grouped by either, station, sample depth or site, were significantly different to each other, 

however there was no significant difference between the AM or PM samples (table 6.1).  

 

Table 6.1. Permutational multivariate analysis of variance, bold text indicates significant (p 

< 0.05) categories.   

Category All Samples Coastal Samples Oceanic Samples 

Pseudo-F p Value Pseudo-F p Value Pseudo-F p Value 

Station 4.70 0.00 5.77 0.00 1.74 0.06 

Depth (SML vs. ULW) 4.04 0.01 0.92 0.46 8.86 0.00 

Time (AM vs. PM) 0.97 0.41 0.86 0.48 0.83 0.41 

Site (coastal vs. ocean) 13.22 0.00 NA NA NA NA 
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Figure 6.15. a) Principle coordinates analysis of weighted UniFrac distance metrics on all 

samples. b) Redundancy analysis of weighted UniFrac distance metrics on all samples. 

Points represent an individual sample and are coloured by station, symbols identify the depth 

of the sample (circles SML and triangles ULW). The centroids of categorical variables are 

illustrated by (x). 

SML

ULW

Coastal
Oceanic
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b

All stations

All stations ANOVA F = 9.4, p =0.001
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PCoA of coastal samples showed two station groupings; group A (stations 1, 2, 4 and 6) and 

group B (stations 3, 5, 5B and 7), with station 8 as an outlier. There was no distinct separation 

of coastal SML and ULW samples, although stations 6, 7 and 8 had outlying SML samples 

(figure 6.16a). PERMANOVA of coastal samples showed a significant difference when 

grouped by station (table 6.1).  

PCoA of oceanic samples showed two station groupings separated along axis PC2 

(13% variation explained); group C (9 to 11) and group D (13 to 17), with the exception of 

station 17 SML samples which group with stations 9 to 11 (figure 6.16b). SML and ULW 

samples are separated along axis PC1 (64 % variation explained), ULW samples clustered 

tightly within station groups, whereas SML samples showed higher variation between 

samples and were not distinctly separated into station groups.  PERMANOVA of oceanic 

samples showed a significant difference between SML and ULW samples (table 6.1). RDA 

and Spearman's rho correlations with the associated physicochemical metadata showed that 

coastal station group A (supplemental figure 6.1a) was best described by higher pH, trace 

metals and chlorophyll-a, and coastal group B by higher buoyant stress and humidity. 

Oceanic station group C (supplemental figure 6.1b) was best described by higher physical 

stress (e.g. wind speed), and oceanic station group D was described by higher solar radiation.  

 

 

 



 

205 

 

 

Figure 6.16. Principle coordinates analysis of weighted UniFrac distance metrics on a) 

coastal and b) oceanic samples. Points represent an individual sample and are coloured by 

station, symbols identify the depth of the sample.   

a

b

Coastal

Oceanic

A

B

D

C



 

206 

 

6.3.4 Enrichment of bacterioneuston  

All orders (with the exception of Sphingomonadales) showed a higher abundance in the SML 

than the ULW in at least one sample (figure 6.17a), however, log-likelihood ratio tests 

showed that only eight bacterial orders, six at the coastal site (figure 6.14bi), and seven at 

the oceanic site (figure 6.14bii) were significantly (Bonferroni corrected p values < 0.5) 

enriched in the SML. The five orders enriched in the SML at both coastal and oceanic sites 

were 1) The Bdellovibrionales which was dominated by the family Bdellovibrionaceae 

(OM27 clade). 2) The Cyanobacteria Subsection III, which was identified as Trichodesmium 

sp., and was dominated by a single OTU (OTU_3). 3) The other Gammaproteobacteria was 

made up of 19 OTUs at the coastal site and 16 OTUs at the oceanic site, and was dominated 

at both sites by a single OTU (OTU_12) identified as belonging to the family 

Pseudoalteromonadaceae. 4) The Oceanospirillales was dominated by the family 

Oceanospirillaceae at the coastal site and by family Halomonadaceae at the oceanic site. 5) 

The Bradymonadales was made up of 43 OTUs at the coastal site and 40 OTUs at the oceanic 

site, and was not dominated by any particular OTU.  The remaining three orders were only 

found to be enriched at either coastal or oceanic stations; The Sphingobacteriales was only 

significantly enriched at the coastal site and was dominated by the family Chitinophagaceae. 

The Alteromonadales and Pseudomonadales were only significantly enriched at the oceanic 

site and were dominated by the families Alteromonadaceae and Pseudomonadaceae 

respectively. RDA of coastal samples (supplemental figure 6.2) showed the significantly 

enriched bacterioneuston described (ANOVA F =5.5, p =0.001) the outlying coastal SML 

samples at station 6, 7 and 8. RDA of the oceanic samples (supplemental figure 6.3) also 

showed the SML samples are described (ANOVA F =15.97, p =0.001) by a higher 

abundance of the significantly enriched bacterioneuston, especially the order 

Alteromonadales (ANOVA F =82.69, p =0.001). 
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Figure 6.17. Bacterial taxa (>0.1 % relative abundance) with a) a higher abundance in the 

sea surface microlayer (SML) compared to the underlying water (ULW). b) significantly 

(Bonferroni p <0.05) higher mean (all stations) abundance in the SML compared to the ULW 

from bi) coastal and bii) oceanic sampling sites. Values above the bars report the enrichment 

factor in the SML. Values inside the bars report mean abundance as normalised reads. Error 

bars show standard deviation. 
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6.3.5 Relationship of significantly enriched bacterioneuston with physicochemical 

properties and with other bacterial orders 

Spearman's rho correlations were performed between the significantly SML enriched taxa at 

each site and the associated physicochemical metadata. At coastal sites, the order 

Bdellovibrionales correlated positively with pH, wind speed and wind stress and negatively 

with solar radiation, chlorophyll-a and Monin-Obukhov length. Bradymonadales correlated 

positively with wind speed, wind stress, dew point and negatively with surface active 

substances, chlorophyll-a and Monin-Obukhov length. Oceanospirillales correlated 

positively with chlorophyll-a, relative humidity and Monin-Obukhov length and negatively 

with air temperature, pH, P-Al, P-P and P-Fe. The other Gammaproteobacteria correlated 

positively with relative humidity and negatively with air temperature. Cyanobacteria 

Subsection III (i.e. Trichodesmium) correlated positively with dew point. The order 

Sphingobacteriales did not correlate significantly with any of the physicochemical variables. 

At oceanic sites, Bdellovibrionales correlated negatively with chlorophyll-a. The 

order Bradymonadales correlated negatively with relative humidity and chlorophyll-a and 

positively with pCO2 air and air temperature. Alteromonadales correlated positively with 

surface active substances, chlorophyll-a, P-Al and P-P, and negatively with mean pCO2 air. 

Oceanospirillales correlated positively with P-Al, P-Fe and negatively with pH and mean 

pCO2 air. The other Gammaproteobacteria correlated negatively with air temperature, sea 

temperature, solar radiation, mean pCO2 air and water, and positively with relative humidity, 

salinity, wind speed, P-Al and P-Fe. Pseudomonadales correlated positively with solar 

radiation. Subsection III (Trichodesmium) did not correlate with any physicochemical 

parameters. 
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6.4 Discussion 

6.4.1 Summary of the characteristics of the coastal and oceanic stations 

The coastal site was characterised by a higher seawater pCO2 and chlorophyll-a 

concentrations, particulate trace metals and SAS, indicative of an increased status of 

productivity compared to the open ocean site. Generally, the coastal site was also warmer 

and more saline, and the oceanic site experienced greater levels of turbulent physical stress. 

Based on the geographical locations and differences in the physicochemical characteristics 

of the sites, the stations in the coastal and oceanic sites were separated for further analysis.  

Bacterial communities at the coastal site showed variations between stations, and 

formed two groups. Group A stations were generally warmer and calmer than the stations in 

group B. Group A stations also had higher particulate trace metal concentrations and 

seawater pCO2, suggesting higher respiration and heterotrophic productivity, whereas group 

B stations, which overlapped with the oceanic station group C, were more oligotrophic. 

Overall, the SML and ULW communities were not distinct from each other at the coastal 

stations with the exception of three outlying samples from station 6PM, station 7 PM and 

station 8PM. These outliers could be attributed to high enrichments of Sphingobacteriales 

and Oceanospirillales (STN6), Trichodesmium sp. (STN7) and Bdellovibrionales and 

Bradymonadales (STN8).   

Although bacterial communities at the oceanic site were more homogeneous between 

stations, two groups were observed. Group D experienced warmer and calmer conditions 

than group C, which experienced higher turbulent stress from the prevailing meteorological 

conditions. There was also a distinction between the chemical characteristics of the two 

groups, as group D had a higher seawater pCO2 while group C had higher concentrations of 

chlorophyll-a and the particulate trace metals aluminium and iron. This suggests that group 
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D was more oligotrophic than group C, and this was further supported by the overlap of 

group C bacterial communities with coastal group B.  

6.4.2 Enrichment of bacterioneuston in response to particulate material in the sea surface 

microlayer and underlying water 

The bacterioneuston communities were distinct from the bacterioplankton communities 

principally at the oceanic sites. Generally the SML was no more diverse than the ULW, and 

the communities were composed of the same OTUs, which indicates that the bacterioneuston 

is populated from the bacterioplankton as has been previously observed (Agogue et al., 

2005a, Joux et al., 2006, Stolle et al., 2011). Variations between bacterioneuston and 

bacterioplankton communities were positively correlated with P-Al which also correlated 

with total dust deposition suggesting an atmospheric origin. A recent review by Mahowald 

et al. (2018) provides a comprehensive summary of studies that show aerosol trace metal 

deposition into the ocean can enhance both bacterial and phytoplankton production 

especially in oligotrophic environments.    

A positive correlation was also seen with P-P, which in contrast to P-Al was not 

correlated with atmospheric dust measurements and was generally less enriched in the SML, 

suggesting that the source of P-P was primarily from the underlying water column. The 

environmental organic matter pool is difficult to characterise as it comprised of such a 

diverse range of molecules (Benner, 2002). However, as P-P includes particle-adsorbed 

phosphorous and live and dead plankton (Paytan and McLaughlin, 2007), it could be used 

as a proxy for plankton derived organic matter (OM) (Duhamel et al., 2007). The origin of 

P-P from the ULW is further supported by a positive correlation between P-P and SAS in 

the microlayer as transport by surface active particles is a primary mechanism of particulate 

enrichment in the SML (Hunter, 1980). The important coupling between bacterial secondary 

production and phytoplankton derived OM has been discussed previously (Chapters 4 and 
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5). The significant relationship between the distinct oceanic bacterioneuston communities 

and the particulate components of the SML in this study suggests that bacterioneuston 

become enriched in response to the accumulation of valuable particulate organic matter and 

trace metals arriving in the SML from both the atmosphere and from the underlying water 

below. 

6.4.3 The effect of physical stress on bacterioneuston  

The SML is more stable at winds up to 5 m s-1, after which surface mixing is increased and 

the SML can be disturbed (Wurl et al., 2011b, Stolle et al., 2011, Rahlff et al., 2017). Our 

results concur with these previous findings as we saw greater enrichment of taxa in the SML 

at the calmer group D stations when wind speeds were generally below 5 m s-1 than the more 

turbulent group C stations when wind speeds were between 5 - 10 m s-1. Despite the higher 

wind speeds associated with the group C stations, distinct bacterioneuston communities were 

still observed with wind speeds close to 10 m s-1. Stolle et al. (2011) found that only wind 

speed history (~6h prior to sampling) was related to differences between bacterioneuston 

and bacterioplankton communities. This study used wind speed expressed as a mean over 

the hour prior to sampling plus the sampling time, but when taken over 6 hr mean wind 

speeds were reduced. This result suggests that the enrichment of taxa in the SML is 

dependant not only on wind speed, but also on the duration of stress acting on the surface 

(Stolle et al., 2011).  

Interestingly, the station 10PM sample that had the highest 6 hr wind speed (8.2 m s-

1) showed distinction between bacterioneuston and bacterioplankton communities. At the 

oceanic site, chlorophyll-a was highest at station 10 suggesting phytoplankton, the primary 

gel particle producers (Hoagland et al., 1993, Myklestad, 1995), were more abundant. Also, 

the most abundant enriched taxa, Alteromonadales are known to be particle associated 

(Ivars-Martinez et al., 2008). Gel particles can be positively buoyant (Azetsu-Scott and 
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Passow, 2004) and have been suggested to aid the enrichment of particle-associated bacteria 

in remaining in the SML under higher stress conditions (Stolle et al., 2011). Recent studies 

have shown that transparent exopolymer particles (TEP) are more enriched in the SML in 

oligotrophic environments (Jennings et al., 2017, Zäncker et al., 2017) and that oceanic TEP 

export by sinking is inhibited by reduced aggregation (Jennings et al., 2017). Also Wurl et 

al. (2011a) suggested that TEP production is likely to be enhanced by higher wind speeds. 

Our findings suggest that buoyant particles in surface waters may aid in the enrichment of 

particle-associated bacteria making the SML bacterioneuston enrichment more resistant to 

turbulent stress.  

A recent study that utilised a wind-wave tunnel to investigate the effect of wind speed 

on the enrichment of bacterioneuston concluded no significant enrichment was seen at wind 

speeds >5.6 m s-1. The lack of enrichment at higher wind speeds under a controlled 

environment supports the suggestion made previously that the SML in the environment 

behaves differently to the SML under artificial experimental conditions (Cunliffe et al., 

2013). The threshold at which the SML is considered stable cannot be defined by one 

variable but is dependent on complex interactive effects of the physicochemical 

characteristics of the SML.  

6.4.4 Gammaproteobacteria in the oceanic sea surface microlayer 

The dominance of the Gammaproteobacteria in the SML in this and other studies (Agogue 

et al., 2005a, Franklin et al., 2005) suggests that these bacteria are adapted to the SML. The 

significantly enriched Gammaproteobacteria orders (i.e. Alteromonadales, 

Oceanospirillales, Pseudomonadales and other Gammaproteobacteria) identified in this 

study are motile and able to utilise a diverse range of organic substrates 

chemoorganotrophically (Palleroni, 1981, de la Haba et al., 2014, Ivanova et al., 2014, 

López-Pérez and Rodriguez-Valera, 2014). Although there are some features shared by these 
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taxa, some evidence of niche partitioning was seen in this study, which is unsurprising given 

the phylogenetic and metabolic diversity of the class (Williams et al., 2010). The holistic 

approach of this study gives some insight into the different ecological strategies employed.  

Pseudomonadales showed greater enrichment in the SML at the warmer and calmer 

stations, and were positively correlated with high UV. Members of the Pseudomonadales 

have previously been shown to be tolerant to UV and solar radiation (Agogue et al., 2005b, 

Marizcurrena et al., 2017). Pseudomonadales was dominated by the family 

Pseudomonadaceae, which are the only predominantly ‘free living’ bacteria (Palleroni, 

1981) amongst the significantly enriched Gammaproteobacteria in this study. Their low 

SML enrichment at the more turbulent stations suggests they may be more susceptible to 

turbulent stress than the other particle-associated Gammaproteobacteria. The distribution of 

the Pseudomonadales in this study suggests this order is competitive at exploiting calm, high 

light oligotrophic SML environments. 

In contrast the unassigned other Gammaproteobacteria showed greater enrichment 

at the cooler and more turbulent stations, showing a negative relationship with solar 

radiation, which suggests that this group may be susceptible to solar stress. The dominant 

OTU of the other Gammaproteobacteria was identified as belonging to the family 

Pseudoalteromonadaceae, which is often associated with eukaryotic organisms (Holmstrom 

and Kjelleberg, 1999) and is known to produce extracellular polysaccharides (Holmstrom 

and Kjelleberg, 1999, Ivanova et al., 2014) that may aid with buoyancy and potentially 

allowing the taxa to exploit a more turbulent SML. 

The Oceanospirillales (mainly the family Halomonadaceae) showed no specific 

relationships with any of the physicochemical parameters and were enriched at nearly all 

stations, suggesting that this order contains generalists well adapted to a variety of habitats.  

The Alteromonadales were enriched at nearly all ocean stations, and were the most 

abundant significantly enriched member of the bacterioneuston. The order is well known to 
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be particle-associated (Ivars-Martinez et al., 2008) and contains taxa that are tolerant to solar 

stress (Agogue et al., 2005b, Marizcurrena et al., 2017). As discussed previously, possessing 

these ecological traits could make Alteromonadales better adapted to cope with the physical 

stresses (solar and turbulent) present in the SML. 

 Alteromonadales was dominated by a single OTU (OTU_4) which belonged to the 

family Alteromonadacea and was further identified as being most similar (ID 100%; cover 

100%) to Alteromonas macleodii.  Alteromonadacea, including A. macleodii, are typical r 

strategists that can rapidly respond to and utilise a diverse range of complex organic 

compounds and increase in abundance to high densities (López-Pérez and Rodriguez-Valera, 

2014). The enrichment of Alteromonadales in the bacterioneuston showed a positive 

relationship with P-P (possible plankton derived OM), and their total abundance also showed 

a positive relationship with SAS. Alteromonadales have previously been shown using bottle 

incubations and mesocosm studies to utilise a range of phytoplankton derived organic matter, 

including dissolved organic carbon (DOC) (Sarmento and Gasol, 2012, Nelson and Carlson, 

2012), polysaccharide microgels (Taylor and Cunliffe, 2017) and other organic substrates 

particularly amino acids and protein (Bryson et al., 2017). Pedler et al. (2014) demonstrated 

that a single strain of Alteromonas sp. was capable of consuming the entire labile DOC pool. 

Organic matter is often enriched in the SML (Reinthaler et al., 2008, Wurl and Holmes, 

2008, Engel and Galgani, 2016) and Alteromonadales have been identified in SML samples 

from mesocosm experiments (Rahlff et al., 2017, Taylor and Cunliffe, 2017) and in the 

environment (Cunliffe et al., 2008). Alteromonadales are clearly an ecologically important 

member of the bacterioneuston and potentially play a key role in the marine carbon cycle 

transferring carbon through the microbial loop and through the marine food web (Pedler et 

al., 2014). 
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6.4.5 Other bacteria in the oceanic sea surface microlayer 

Bdellovibrionales and Bradymonadales (Deltaproteobacteria) and the cyanobacterium 

Trichodesmium were also significantly enriched in the SML compared to the ULW. 

Bradymonadales and Bdellovibrionales were enriched in low numbers at most stations but 

were most abundant at station 17 AM. Little is known about the novel order Bradymonadales 

within the class Deltaproteobacteria (Wang et al., 2015). Bdellovibrionales were dominated 

by the family Bdellovibrionaceae, which are known to predate other gram negative bacteria 

(Rotem et al., 2014). There is no obvious driver for the enrichment of these two orders from 

the physicochemical data, however, they were very strongly correlated with each other. It is 

possible that Bdellovibrionales were predating Bradymonadales and are enriched in 

response to the increase in prey abundance.  

Trichodesmium, other than a large enrichment at station 17PM, was present at a very 

low abundance and was not enriched in the SML at other stations. Trichodesmium are 

diazotrophs and are known to form large visible surface blooms in nutrient limited tropical 

open ocean environments (Capone et al., 1997) such as those seen at station 17. These huge 

surface blooms require large amounts of dissolved iron and are able to readily dissolve P-Fe 

(Rubin et al., 2011, Polyviou et al., 2017). P-Fe was not as high at station 17 as other oceanic 

stations, however dissolved iron was measured at station 17 and was very high (2.76 nmol 

L-1) and was enriched in the SML by a factor of 7 (supplemental figure 6.4). It is possible 

that Trichodesmium bloomed at station 17AM during favourable warm and calm conditions 

in response to an increase of iron in the SML from atmospheric deposition (Langlois et al., 

2012).  

Strong negative correlations with the enriched Gammaproteobacteria and positive 

correlations with several other taxa in the SML, including the Rhodobacterales, suggests 

that Trichodesmium bloom events may alter the bacterioneuston community presumably 

through the increase in organic matter produced by the bloom. The sampling of co-occurring 
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data missed the bloom at station 17, highlighting the potential spatial and temporal 

localisation of bloom events. A large bloom of Trichodesmium seen in the SML at coastal 

station 4 coincided with peaks in fDOM concentrations (Wurl et al., 2018). Trichodesmium 

are known to affect nutrient flow by increasing the concentration of dissolved organic 

nitrogen (DON) and dissolved amino acids (LaRoche and Breitbarth, 2005) and have the 

potential to significantly alter co-occurring bacterial communities (West et al., 2008) as well 

as the physicochemical properties of the SML such as temperature (Kahru et al., 1993, Wurl 

et al., 2018), salinity (Wurl et al., 2018) and wave dampening (Wurl et al., 2016) by slick 

formation (Sieburth and Conover, 1965). These findings suggest Trichodesmium sp. are 

potentially important to nutrient supply in the oligotrophic tropical open ocean. 

6.4.6 Conclusions 

This study has been the first to use co-occurring in situ biological, chemical and physical 

data to investigate the SML, and has shown that physicochemical interactions are more 

complex and important in determining bacterioneuston community composition than 

previously considered (figure 6.18). 

The SML is often conceptualised as a homogeneous habitat within the upper 1 mm 

of the surface ocean. Here, we show that distinct differences between coastal and oceanic 

SML environments occur over a relatively conserved area and propose some consideration 

be given to the different biogeochemical regions when comparing and defining the 

characteristics of the SML.  

The buoyant properties of particulate matter potentially aid in sustaining the 

enrichment of particle-associated bacterioneuston during prolonged periods of physical 

stress. Current studies potentially underestimate the resilience of the SML ecosystem to 

turbulent processes.  
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This study has also shown that the bacterioneuston (primarily 

Gammaproteobacteria) are responding rapidly to resources arriving in the SML from the 

ULW and/or from the atmosphere, which provides novel evidence that the SML plays an 

important role in determining the fate of valuable organic nutrients and trace metals in the 

open ocean.  

We have demonstrated that key taxa can be assigned to single populations and can 

significantly contribute to the bacterioneuston, such as Trichodesmium sp. and Alteromonas 

sp. This study provides new evidence to link in situ Alteromonadales blooms in the SML 

with plankton derived organic matter from the ULW. We also show acute events such as 

Trichodesmium blooms can dramatically alter bacterioneuston communities. Future studies 

should focus on high resolution phylogenetic identification and include functional 

classification to identify the metabolic pathways that determine the fate of valuable nutrients 

in the oligotrophic open ocean.  
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Figure 6.18.  Conceptual diagram of the of sea surface microlayer environmental under a) high and b) low stress conditions, illustrating the drivers of 

bacterial enrichment which lead to distinct sea surface microlayer and underlying water bacterial community composition. 
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6.5 Supplementary material 
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Supplemental figure 6.1. Redundancy analysis of weighted UniFrac distance metrics on a) 

coastal samples and b) oceanic samples. Ordination is constrained by selected significantly 

correlated physicochemical metadata. Points represent an individual sample and are coloured 

by station, symbols identify the depth of the sample. Arrows represent continuous 

explanatory variables fitted to the ordination; direction indicates the maximum change 

whereas the length indicates the magnitude of change for a variable. 
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Coast ANOVA p = 0.001, F = 5.51 

Taxa Pseudo-F p value
Trichodesmium 11.91 0.001
Bdellovibrionales 4.42 0.011
Bradymonadales 5.58 0.001
Gamma. other 3.97 0.043
Oceanospirillales 5.86 0.020
Sphingobacteriales 1.30 0.268

 

Supplemental figure 6.2. Redundancy analysis (RDA) of weighted UniFrac distance metrics 

on coastal samples. Ordination is constrained by significantly enriched bacterioneuston taxa. 

Points represent an individual sample and are coloured by station, symbols identify the depth 

of the sample. Arrows represent continuous explanatory variables fitted to the ordination; 

direction indicates the maximum change whereas the length indicates the magnitude of 

change for a variable. The table shows the results of analysis of variance (ANOVA) for each 

individual taxa used in the RDA. 
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ANOVA p = 0.001, F = 15.97 Ocean

Taxa Pseudo-F p value
Trichodesmium 8.37 0.026
Bdellovibrionales 5.88 0.032
Bradymonadales 1.57 0.193
Gamma other 3.63 0.043
Oceanospirillales 4.68 0.024
Alteromonadales 82.69 0.001
Pseudomonadales 5.00 0.016

 

Supplemental figure 6.3. Redundancy analysis (RDA) of weighted UniFrac distance metrics 

on oceanic samples. Ordination is constrained by significantly enriched bacterioneuston 

taxa. Points represent an individual sample and are coloured by station, symbols identify the 

depth of the sample. Arrows represent continuous explanatory variables fitted to the 

ordination; direction indicates the maximum change whereas the length indicates the 

magnitude of change for a variable. The table shows the results of analysis of variance 

(ANOVA) for each individual taxa used in the RDA. 
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Supplemental figure 6.4. Dissolved Iron [nmol L-1] from the sea surface microlayer and 

underlying water at oceanic station 17. 
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Chapter 7 

General Discussion 
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7.1 Summary of the key findings from each chapter 

The results presented in this thesis have shown that the overarching drivers selecting for 

bacterial communities are nutrient regime, substrate origin, physical processes, light & 

temperature. These environmental drivers lead to a predictable community at a broad level 

over spatial and temporal scales; temperate regions are characterised by higher relative 

abundance and activity of heterotrophs and copiotrophs whereas tropical regions are 

characterised by a higher relative abundance and activity of phototrophs and oligotrophs. 

Subtropical regions appear to be transitional between temperate and tropical regions sharing 

similarities with both temperate and tropical communities. Coastal environments are 

generally characterised by high eukaryotic derived organic matter sources with high 

physicochemical variation selecting for a dynamic community dominated by copiotrophic 

heterotrophs. In contrast the open ocean is a high light, low nutrient environment 

characterised by prokaryotic derived organic matter sources and low physicochemical 

variability which selects for a stable community dominated by autotrophs and oligotrophic 

heterotrophs. The individual chapters in this thesis also investigated if the importance of 

environmental drivers differ on a more local scale by focusing on specific habitats such as 

the sea surface microlayer and key taxonomic groups such as the CO-oxidisers.  

Chapter 3. Carboxydovory in the ecologically-relevant model marine bacterioplankton 

Ruegeria pomeroyi DSS-3.  

I set out to confirm the function of the coxL gene in the ecologically relevant and important 

model marine bacterium Ruegeria pomeroyi DSS-3.  

 I have successfully linked CO-oxidation specifically with the coxL Form I gene 

function and shown chemolithoheterotrophy in the model MRC CO-oxidiser R. 

pomeroyi DSS-3. 
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Chapter 4. Seasonal diversity of bacterioplankton coxL genes: a time series study at the 

coastal Station L4 and open shelf Station E1 in the Western English Channel. 

In this chapter, I aimed to analyse and compare weekly-scale dynamics of two temperate 

coastal bacterioplankton communities over a spring phytoplankton bloom transition, in 

relation to prevailing physicochemical drivers.  

 I have made the first characterisation of bacterioplankton community dynamics at 

both Station L4 and E1 and shown that the bacterioplankton present at both stations 

are typical of previous studies and exhibit strong seasonal patterns in response to 

physicochemical and biological influences.  

 I also show that the bacterioplankton community at the coastal Station L4 and open-

shelf Station E1 show slight differences in the timing of seasonal changes and the 

dominant taxa within community due to differences in the meteorological and 

hydrographic conditions.   

 This study was also the first to characterise bacterioplankton throughout the entire 

water column which has revealed vertical changes in the bacterioplankton 

community composition in relation to thermal stratification that were previously 

unknown.  

 Building on from Chapter 3, I have developed functional gene probes to investigate 

the diversity and distribution of marine carboxydovores, and have successfully 

demonstrated the use of a trait-based approach to characterise potential CO-oxidising 

bacterioplankton amongst the Rhodobacteraceae and identified seasonal changes in 

the CO-oxidising community in relation to the spring phytoplankton bloom.  
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Chapter 5. Diversity and distribution of total and active bacterioplankton communities in 

relation to light along a transect of the Atlantic Ocean. 

In this chapter, I investigated the bacterioplankton communities in the euphotic zone of the 

Atlantic Ocean, to gain a better understanding of their biogeographical distribution. I also 

investigated the activity of the bacterioplankton in these communities to gain insight into the 

relative contributions these taxa make to bacterial productivity. In addition, I investigated 

whether light affected the composition and distribution of bacterioplankton communities 

vertically through the water column.  

 I have shown that the bacterioplankton community composition was typical of the 

environments investigated (e.g. open ocean and coastal), and exhibited strong 

biogeographical variation in response to prevailing seawater characteristics.  

 By comparing total and active bacterioplankton communities, I have shown that 

bacterioplankton activity is decoupled from abundance throughout the Atlantic, 

although the two community types show similar patterns in beta diversity.  

 I found that light and time of day did not significantly affect the overall structure of 

the active community. However, ecologically important members of the community 

did show distinct differences in activity in response to light and time of day.  

Chapter 6. A multidisciplinary approach to studying the sea surface microlayer reveals the 

complexity of physicochemical influences on bacterioneuston diversity. 

In this chapter, I investigated bacterial diversity at the air-sea interface using a collaborative 

multidisciplinary approach in order to better understand the interactive effects of the 

physicochemical characteristics of the sea surface microlayer on the bacterioneuston.  

 I have for the first time used co-occurring in situ biological, chemical and physical 

data to investigate the SML, and shown that physicochemical interactions are both 

complex and important in determining bacterioneuston community composition. 
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 I have shown that distinct differences between coastal and oceanic SML 

environments occur over a relatively conserved area.  

 The buoyant properties of particulate matter potentially aid in sustaining the 

enrichment of particle-associated bacterioneuston during prolonged periods of 

physical stress.  

 I have also shown that the bacterioneuston (primarily Gammaproteobacteria) are 

responding rapidly to resources arriving in the SML from the ULW and/or from the 

atmosphere.  

 I have demonstrated that key taxa can be assigned to single populations and can 

significantly contribute to the bacterioneuston.  

 I have provided new evidence to link in situ Alteromonadales blooms in the SML 

with plankton derived organic matter from the ULW, and also shown that acute 

events such as Trichodesmium blooms can dramatically alter bacterioneuston 

communities. 
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7.2 Geographical distribution of bacteria diversity 

This thesis has characterised the diversity of marine bacteria in the euphotic zone from the 

top 1 mm of the surface to down to 250 m deep, covering eleven Longhurst provinces in the 

northern and southern hemispheres, from coastal waters and shelf seas to the open ocean 

(figure 7.1). Of the abundant orders (>0.1 % relative abundance), 31 % were shared between 

all studies. In agreement with previous studies (Rappe et al., 2000, Zinger et al., 2011, 

Sunagawa et al., 2015), bacterial communities at all study sites were largely (~80 %) 

composed of bacteria belonging to the orders Synechococcales (i.e. Cyanobacteria), SAR11 

clade, Rhodobacterales, and Flavobacteriales, however, the relative contribution of these 

orders to the community varied geographically, with differences seen on local (i.e. within 

provinces) and broader (i.e. between provinces and ocean basins) scales. The diversity of the 

abundant fraction of the community (>0.1 % relative abundance) at the taxonomic level of 

order was greater at open ocean sites than coastal sites following trends previously reported 

(Pommier et al., 2007, Fuhrman et al., 2008). The beta diversity of the bacterial communities 

from each study was also compared and found to vary geographically, with the greatest 

variation seen between studies. Samples grouped by geographical features, such as province 

and domain, also varied significantly. 
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Figure  7.1. Map of all environmental sampling sites in this thesis. Diamonds = Chapter 4, triangles = Chapter 5 and circles = Chapter 6.  
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7.2.1 Variation of bacterioplankton communities between Oceans  

The surface bacterioplankton communities of the Pacific and Atlantic were distinct from 

each other. The tropical Pacific was dominated by the SAR11 clade, whereas the tropical 

Atlantic was dominated by Prochlorococcus. Interestingly, despite sharing 47 % of the 

abundant orders, the combined data set showed these communities are distinct at the OTU 

level (97 % similarity), with only two OTUs (<0.01 % relative abundance) shared by the 

Pacific and Atlantic studies. This suggests that the communities originate from a local pool 

of taxa, and supports previous suggestions that the majority of taxa are not shared between 

ocean basins (Sunagawa et al., 2015).   

7.2.2 Coastal versus Open Ocean 

It has previously been suggested that coastal communities are phylogenetically similar to 

open ocean communities (Rappe et al., 2000, Zinger et al., 2011), but are distinguished by a 

higher abundance of copiotrophs and lower abundance of oligotrophs (Zinger et al., 2011). 

Although this was broadly true of the coastal and ocean locations investigated in this thesis, 

oligotrophs were found to dominate the ‘coastal’ communities in the Pacific (Chapter 6). 

Also the similarity of bacterioplankton community composition in the coastal and ocean sites 

were higher within oceans than between oceans. This shows that while there are some 

universal characteristics of coastal bacterial communities, their composition cannot 

necessarily be predicted by their proximity to the coast alone and that other factors such as 

climate should also be considered. For example, the Atlantic coastal domains were in 

temperate regions, whereas the Pacific coastal domain was in a tropical region. Overall this 

suggests that environmental characteristics of a particular coastal location have a stronger 

influence on the bacterial community composition than the location itself as has been shown 

for temporal studies (Fuhrman et al., 2015).     
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7.2.3 Seasonal variation in bacterioplankton 

Seasonal variation was more apparent in coastal communities than open ocean communities 

(Chapter 4 and 5), suggesting that coastal domains are more strongly influenced by seasonal 

changes in environmental conditions, presumably as result of proximity to the terrestrial 

environment. Northern and southern temperate spring communities from the North Atlantic 

Shelf (NECS), the South West Atlantic Shelf (FKLD) and South Subtropical Convergence 

Zone (SSTC) showed a high degree of relatedness to each other (figure 7.2). Interestingly 

pre-spring bloom communities at the temperate Station E1 (NECS) were more closely 

related to tropical spring communities of Sunda-Afura shelf (SUND) than to autumn 

communities at the same Station E1 (figure 7.2). Spring and summer communities in 

province NECS shared 24 % of OTUs with Pacific communities but only 0.2 % with Atlantic 

communities, which included autumn samples from the same and neighbouring provinces. 

This observation of higher similarity across hemispheres and across ocean basins suggests 

that seasonal environmental characteristics strongly influence the composition of bacterial 

communities and, conversely to the open ocean environments, suggests bacteria may be 

‘selected’ from a more global pool of taxa.  
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Figure 7.2. Principle coordinates analysis of weighted UniFrac distance metrics of surface 

(<5 m) samples from Chapters 4, 5 and 6, with minimum spanning tree analysis (red line).  

 

7.2.4 Vertical distribution of bacterioplankton diversity 

Bacterial communities in the euphotic zone did not vary as strongly by depth as they did 

geographically or seasonally. In fact, bacterioplankton communities throughout the upper 

250 m of the Atlantic were relatively homogeneous, as were spring bacterioplankton 

communities throughout the water column in the Western English Channel. Some significant 

depth related patterns were apparent between surface and deep communities during summer 

stratification in the Western English Channel, and at the very surface of the ocean between 

the sea surface microlayer and the surface waters 1 m below.  
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7.3 Drivers of diversity in marine bacterial communities  

The variation in beta diversity seen in this thesis is not directly influenced by depth, 

geographical location or season but rather is a response of the bacterial community to the 

prevailing meteorological, physicochemical and biological characteristics of a particular 

environment at a particular time, i.e. ‘the environment selects’ (Baas-Becking, 1934, 

Fuhrman et al., 2006, Caporaso et al., 2012). Key factors selecting for bacterial communities 

identified in this thesis were trophic regime, substrate origin, physical processes, light and 

temperature (figure 7.3). 

7.3.1 Temperature and light 

Temperature was a major influence on the beta diversity of bacterial communities in all 

studies. In agreement with previous studies, seawater temperature driven by prevailing 

climatic conditions strongly influenced the geographical and seasonal distribution on 

bacteria (Pommier et al., 2007, Sunagawa et al., 2015, Bunse and Pinhassi, 2017). Light, 

however, was not a major driver of bacterial community composition, which is surprising as 

light stress can be inhibitory to bacterial metabolism and activity (Bailey et al., 1983, Herndl 

et al., 1993, Müller-Niklas et al., 1995, Sommaruga et al., 1997), and some bacteria have 

metabolic requirements linked to light and light-dependent processes such as phototrophy 

(e.g. the SAR11 clade and the Cyanobacteria) (Moran and Miller, 2007, Six et al., 2007) or 

carboxydovory (e.g. the MRC) (Moran and Miller, 2007). It is possible that bacterial taxa 

have ecotypes that occupy different light niches that cannot be resolved by an OTU similarity 

of 97 %, as seen for Prochlorococcus (Zinser et al., 2007). Therefore, light is likely more 

important in determining the distribution and activity of individual populations of bacteria 

within the major bacterial orders that make up the total community. 
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7.3.2 Physical processes and dispersal 

Thermal stratification and physical mixing processes affected the vertical distribution of 

bacteria. There was also some evidence of mixing processes influencing dispersal between 

neighbouring provinces. The variability in the similarity between open shelf Station E1 and 

neighbouring Atlantic provinces shows the dispersal potential of bacterioplankton between 

the Atlantic and the open shelf of the Western English Channel changes throughout the year. 

In addition, the bacterioplankton communities in the tropical Atlantic were relatively 

homogeneous, and coastal (SUND) and open ocean (WARM) communities from the tropical 

Pacific were closely related, suggesting that there is some degree of dispersal of taxa between 

neighbouring provinces. As noted previously (Martiny et al., 2006, Pommier et al., 2007, 

Fuhrman, 2009, Sul et al., 2013, Sunagawa et al., 2015), however, it is hard to tease out 

dispersal effects from environmental drivers, as these patterns could also be explained by 

homogeneity or heterogeneity in other environmental characteristics.  

7.3.3 Trophic regime and primary producers  

Trophic regime (productivity) also seemed to strongly influence the geographical 

distribution of bacterioplankton, and in the spring appeared to be a more influential driver 

of seasonal changes in community composition than temperature. In this thesis, coastal 

bacterial communities, which had a higher abundance of typically particle-associated 

copiotrophic bacteria were linked with higher concentrations of oxygen, chlorophyll-a and 

eukaryote phytoplankton abundance. In addition, copiotrophs became enriched in the sea 

surface microlayer in response to phytoplankton derived organic matter.  

The coupling between phytoplankton productivity and bacterioplankton 

communities is well known (Buchan et al., 2014), however, this thesis shows that this 

relationship may be more complex. Lower levels of heterotrophic activity seen in 

Prochlorococcus dominated environments and a higher heterotrophic activity seen in 
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Synechococcus and eukaryotic phytoplankton dominated environments, suggest that there 

are relationships between the dominant primary producer and the composition and activity 

of the heterotrophic community, as suggested by Sarmento and Gasol (2012), who showed 

that interactions between phytoplankton derived DOM and different heterotrophs varies 

according to the DOM source organism. As such, the composition of DOM varies according 

to phytoplankton community structure and between ecosystems (Becker et al., 2014). Niche 

partitioning according to preferential substrate degradation (Christie‐Oleza et al., 2015, 

Sarmento et al., 2016, Bryson et al., 2017) may explain this relationship and agrees with 

previous suggestions that bacterial communities are influenced by the composition of 

organic matter (Sapp et al., 2007, Pete et al., 2010). Another possibility is that small 

Prochlorococcus cells may leak less and or produce less extracellular substrates than 

generally larger eukaryotes, affecting the quantity of organic matter available to 

heterotrophs, which has also been shown to affect niche partitioning in substrate utilisation 

(Sarmento et al., 2016). Given that marine bacteria play a major role in shaping the marine 

DOM pool (Lechtenfeld et al., 2015), these communities may also be influenced by cross 

feeding through positive feedback mechanisms driven by the primary OM degraders.  

7.3.4 Atmospheric inputs 

There was also evidence that atmospheric deposition can influence bacterial communities in 

the oligotrophic open ocean. This was primarily observed in the sea surface microlayer study 

(Chapter 6), but increases in the abundance of Trichodesmium, which are known to readily 

respond to iron inputs from dust deposition (Langlois et al., 2012, Polyviou et al., 2017) 

were also seen in provinces of the Atlantic (Chapter 5) that are seasonally influenced by 

Saharan dust (Baker et al., 2006). Dust deposition events have been shown to promote bloom 

formation of certain taxa such as Vibrio spp. (Westrich et al., 2016) and Trichodesmium spp. 

(Langlois et al., 2012, Polyviou et al., 2017) and can even supply airborne microbes into the 
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surface ocean. Dust deposition represents an important source of nutrients into the marine 

environment, and has potential to influence biogeochemical cycles by altering the 

metabolism of autochthonous taxa, affecting the overall trophic status of an environment 

(Hill et al., 2010, Lekunberri et al., 2010). Furthermore the enrichment of trace metal 

utilising bacteria in the sea surface microlayer could influence the availability of these 

nutrients in the water column below.  But currently, relatively little is known about the 

transformation of atmospheric nutrients by bacterial communities in the surface ocean (Wurl 

et al., 2017).  
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Figure 7.3.Conceptual diagram of environmental drivers of bacterial diversity in the marine environment. A = cartoon of sea surface microlayer 

bacterioneuston community and Ai = Trichodesmium, B = cartoon of coastal bacterial community and C = cartoon of open ocean bacterial community. 
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7.4 Ecology of bacteria 

The distribution of oligotrophs (bacteria adapted to growth at low nutrient levels) and 

copiotrophs (bacteria that are adapted for growth at high nutrient levels) (Koch, 2001), 

reflected the nutrient regimes of the environments studied in this thesis. However, the 

patterns in bacterial diversity, ecological, and metabolic strategies were in reality more 

complex than this simple classification implies. Acute inputs of atmospheric and water 

column organic/inorganic matter and physical stress selected for dynamic enrichments of 

copiotrophic, particle-associated heterotrophs and opportunistic diazotrophs in the sea 

surface microlayer (figure 7.3 A). In coastal environments high eukaryotic derived OM and 

high physicochemical variation selected for a dynamic community dominated by 

phytoplankton-associated copiotrophic heterotrophs (figure 7.3 B). Conversely, high light, 

low nutrient level, prokaryotic derived OM and low physicochemical variability selects for 

a stable community dominated by oligotrophic autotrophs and heterotrophs in the open 

ocean (figure 7.3 C). 

7.4.1 Rhodobacterales and Flavobacteriales 

The Rhodobacterales and Flavobacteriales were an abundant part of all communities 

characterised in this thesis. RNA:DNA ratios suggest that their activity as well as their 

abundance is associated with productive coastal and shelf sea environments most likely in 

relation to organic matter composition and concentration as discussed earlier. Both are 

metabolically diverse, making them well adapted to respond to the pulses of phytoplankton 

derived OM occurring in coastal environments (Buchan et al., 2014). Occupying slightly 

different substrate niches (high-molecular weight vs low molecular weight) these bacteria 

function synergistically in the ecosystem to degrade the larger fractions of phytoplankton 

derived OM (Buchan et al., 2014, Taylor et al., 2014). Interestingly, in Chapter 5, RNA:DNA 
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ratios revealed that this synergistic approach may also be diurnally synchronised to optimise 

metabolism of high-molecular weight and low-molecular weight substrates.  

7.4.2 The SAR11 clade 

The SAR11 clade were also an abundant part of all communities characterised in this thesis. 

The activity levels identified in Chapter 5 and previous studies (Lami et al., 2009, Campbell 

et al., 2011, Hunt et al., 2013) suggest that SAR11 are not as active in the community as 

their potential, as evidenced by enrichment studies, suggests (Malmstrom et al., 2004, Mary 

et al., 2006b, Laghdass et al., 2012). As discussed by Giovannoni (2017), these mismatches 

could be explained by the correlation of growth rates with RNA:DNA ratios, but 

comparability to other taxa aside, Chapter 5 still showed variation in SAR11 RNA:DNA 

ratios in different provinces of the Atlantic. One reason for this may be due to substrate type 

or availability. SAR11 are specialised in the uptake of small labile substrates such as 

dissolved amino acids and simple sugars (Giovannoni, 2017), but the oligotrophic lifestyle 

of SAR11 means it cannot compete with fast growing copiotrophs that occupy the same 

trophic niche (Klappenbach et al., 2000, Giovannoni, 2017) (e.g. in the Arctic Ocean 

(Alonso-Saez et al., 2008) and Delaware estuary (Elifantz et al., 2005)). Thus, it is thought 

SAR11 cannot respond to increases in substrate due to their low growth rates (Giovannoni, 

2017). Previous studies have shown that SAR11 activity varies with time of year (Alonso-

Sáez et al., 2007) and between ecosystems. For example, SAR11 are dominant in the uptake 

of glucose and amino acids in the Sargasso Sea (Malmstrom et al., 2005) and the North Sea 

(Alonso and Pernthaler, 2006). Alonso and Pernthaler (2006) also showed that SAR11 

growth was maximal at 1 nM glucose and was reduced to 0.1 nM.  Later it was shown that 

glycolysis is a trait more common to coastal ecotypes of SAR11 (Rappé et al., 2002, Stingl 

et al., 2007, Schwalbach et al., 2010). SAR11 activity in this study was higher in the more 

productive sub-tropical and temperate provinces of the Atlantic. Concentrations of amino 
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acids in the marine environment are higher in abundance with proximity to the coast (Lee & 

Bada, 1977) and where total OM degradation is higher (Rich et al., 1997, Jørgensen et al., 

2014). This suggests that SAR11 can respond to increases in substrate availability in stable 

oligotrophic environments where the balance between competition and substrate levels is 

optimal. 

The distinct OTU composition of SAR11, and higher abundance seen in the Pacific 

compared to the Atlantic shown here could also be explained by the existence of ecotypes 

with different trophic requirements. The concentration of amino acids have also been shown 

to be higher in the Pacific than the Atlantic (Lee and Bada, 1977), and Coleman and 

Chisholm (2010) suggested that P limitation in the Atlantic is a primary mechanism for 

divergence between Atlantic and Pacific populations of SAR11.  

7.4.3 The Gammaproteobacteria 

Gammaproteobacteria such as the Alteromonadales, are less abundant but invest in high 

growth and/or activity when conditions are optimal. Peaks in Gammaproteobacteria 

abundance were seen in all chapters, possibly in response to inputs of both allochthonous 

and autochthonous substrates. Alteromonadales were increased in Atlantic provinces 

influenced by atmospheric deposition, to my knowledge this is a novel observation. The 

family Alteromonadaceae are associated with iron metabolism as are other 

Gammaproteobacteria, such as family Vibrionaceae (Haggerty and Dinsdale, 2017), which 

have been associated with dust deposition processes previously (Westrich et al., 2016). 

Alteromonadales also showed a peak in abundance in week 21 at the Western Channel 

Observatory, which was higher at the bottom of the water column than at the surface 

suggesting a benthic source of substrate.  

In contrast to the communities at 1 m depth and other communities in the euphotic 

water column, Gammaproteobacteria (especially Alteromonadales) dominated SML 
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communities in the Pacific Ocean, again in response to atmospheric deposition and also to 

the accumulation of particulate phosphorous in the SML from the water column below. The 

patterns and drivers of Gammaproteobacteria abundance identified in this thesis suggest 

they play a crucial role in ‘rapid input’ biogeochemical processes especially in the 

oligotrophic ocean.  

7.4.4 Chemolithoheterotrophy 

The range and supply of organic matter in the marine environment is complex (Koch et al., 

2005), therefore bacteria with a range of different metabolic traits are at an advantage in this 

dynamic environment (Moran, 2015). In Chapter 3, I identified that CO-oxidation supports 

higher heterotrophic growth in R. Pomeroyi during carbon starvation, and in agreement with 

previous studies, in Chapter 4 I identified a large potential for carboxydovory among the 

MRC in productive coastal seas (Tolli et al., 2006, Cunliffe, 2011). The MRC (e.g. R. 

pomeroyi) are metabolically diverse (Buchan et al., 2005, Moran et al., 2007, Newton et al., 

2010), as are many other globally dominant heterotrophs. The ability to take advantage of 

different energy sources may aid ecologically important heterotrophic bacteria such as the 

MRC to persist abundantly in the marine environment even during suboptimal circumstances 

such as low nutrient conditions (Moran, 2015). Understanding specific metabolic processes 

such as CO-oxidation and being able to measure these processes in the environment has 

potential to advance our understanding of the fate of organic matter in the marine ecosystem 

(Lechtenfeld et al., 2015).   

 

7.5 Future direction and perspectives 

The results of these chapters have shown that despite the general predictability of 

bacterioplankton communities at a broad taxonomic and geographical scale there is still a lot 

to be investigated at the fine scale to fully understand how the chemical, physical and 
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biological environment influences bacterioplankton community structure and the individual 

taxa that compose it, these details could help to improve biogeochemical models and allow 

us to better understand how the marine ecosystem may respond to climate change.  Some 

key areas for consideration in future studies are: 

 Using higher sampling frequencies to look into temporal dynamics of bacterial 

communities.  

 Including depth resolved sampling approaches, especially where physicochemical 

features such as stratification are present. 

 Conducting culture based experimentation with environmentally important taxa in 

order to relate metabolic processes to genes or RNA concentration in the 

environment. 

 Using new genomic technologies / methods to better resolve bacterial community 

composition in order to understand niche separation within closely related taxa and 

improve taxonomic representation within genomic databases.  

 Investigate in more detail the origins of organic matter and the resulting effect on 

bacterial community structure and activity. 

 Investigate the role of bacterioplankton in the transformation of atmospheric inputs.  

16S rRNA diversity and activity alone cannot determine whether the function of bacterial 

communities is also distinct between oceans, especially as a recent study by Parks et al., 

(2018) has shown that bacterial taxonomy based on protein phylogeny may be more accurate 

than historic taxonomy based on evolutionary relationships determined by 16S rRNA. 

Metagenomics and metatranscriptomics have potential to advance our knowledge of 

phylogenetic and functional bacterial diversity, however, as the majority of these studies 

identify genes that are not yet characterised, we cannot exploit these new technologies to 
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their full potential. Therefore, there is an increasing need for culture and enrichment based 

studies to identify functional traits and link them with ecological processes.  

While the communities identified from different environments in this thesis appeared 

distinct at the order level, sharing 31 % of bacterial orders, their distinction at the OTU level 

was far greater, with no shared OTUs at a 97 % similarity cut off. Although evidence 

suggests that function is less affected by variation at the OTU level than phylogenetic 

composition (Gilbert et al., 2010a, Gilbert et al., 2010b, Sunagawa et al., 2015), given the 

diversity and distribution of different metabolic and environmental niches of the bacteria 

comprising these communities, it is likely that taxonomic resolution could affect how we 

assign ecosystem function to different communities. Amplicon sequence variants (ASVs) 

are a recent development in the analysis of gene sequencing that allows variation in the 

sequenced gene region to be resolved down to the level of a single-nucleotide difference 

(Callahan et al., 2017). ASVs would allow differentiation of ecotypes amongst closely 

related taxa, such as substrate niches in SAR11 and light niches in Prochlorococcus, 

improving the ecological relevance of phylogenetic diversity studies.  

Bacterial communities are generally predictable by their environment, but the 

interactions with underlying chemical, physical and biological niches at a high and low 

taxonomic resolution are complex. We are only just beginning to be able to characterise the 

individual components within the dynamic marine environment and now must work toward 

linking together the details of these complex interactions. In order to achieve this, 

multidisciplinary/holistic approaches such as those demonstrated in this thesis are required 

to not only characterise the diversity of bacteria and their metabolism, but to also characterise 

the diversity and distribution of their drivers, such as substrate composition at a higher 

resolution.  
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Abbreviations  

°C   Degrees Celsius 

°N   Degrees north 

°S   Degrees south 

%   Percent 

®   Registered 

µ   Growth rate 

µatm   Micro atmospheres 

µg   Microgram 

µm   Micrometre 

µm   Microliter 

µM   Micromoles 

16S rRNA  16S ribosomal RNA 

AM   Ante meridiem 

AMT   Atlantic Meridional Transect 

ANOVA  Analysis of variance 

ASV   Amplicon sequence variants 

AU   Australia 

BIOM   Biological Observation Matrix 

BLAST   Basic local alignment search tool 

bp   Base pair 

C   Carbon 
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CARD-FISH  Catalysed reporter deposition Fluorescence In Situ Hybridization  

cDNA    Complementary DNA 

CDOM   Chromophoric Dissolved Organic Matter 

CGEB   Centre for Comparative Genomics and Evolutionary Bioinformatics 

CHIN   China Sea province 

cm   Centimetre 

CO   Carbon monoxide 

CO2   Carbon dioxide 

CODH  Carbon monoxide dehydrogenase 

coxL   Carbon monoxide dehydrogenase large sub unit gene 

CTD   Conductivity, temperature, depth  

DCM   Deep chlorophyll maximum 

DGGE   Denaturing gradient gel electrophoresis 

DIVA   Data-Interpolating Variational Analysis 

DNA    Deoxyribonucleic acid 

DOC    Dissolved organic carbon 

DOM    Dissolved organic matter 

DON   Dissolved organic nitrogen 

DSMZ   Deutsche Sammlung von Mikroorganismen und Zellkulturen 

EDTA   Ethylenediaminetetraacetic acid 

ETRA   Eastern tropical Atlantic province 

excl.   Excluding 

Fe   Iron 
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fDOM   Fluorescent Dissolved Organic Matter 

FKLD   Southwest Atlantic shelves province 

G   Total growth 

g   Gram 

G (as unit)  G-force 

GMT   Greenwich mean time 

Gt   Giga ton 

h   Hour 

HCl   Hydrochloric Acid 

HTS   High-throughput sequencing 

ID   Identity 

IMR    Integrated Microbiome Resource 

IMS   Industrial methylated spirits 

incl.   Including 

INSDC   International Nucleotide Sequence Database Collaboration 

kaiBC   Cyanobacterial clock gene cluster  

L   Litre 

LMO   Linnaeus Microbial Observatory 

ln   Natural logarithm 

log   Base 10 logarithm 

LTD   Limited 

m   Meter 

M   Molar 
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MAMS  Marine ammonium mineral salts 

MBA   Marine Biological Association UK 

MEDI   Mediterranean Sea province 

MEGA   Molecular Evolutionary Genetics Analysis 

mg         Milligram 

min   Minute 

mL   Millilitre 

mm   Millimetre 

MRC   Marine Roseobacter Clade 

MST   Minimum spanning tree 

MUSCLE   Multiple Sequence Comparison by Log-Expectation 

N   Nitrogen 

n   Number 

N (as a unit)  Newtons 

NADR   North Atlantic Drift province 

Na-EDTA   Sodium Ethylenediaminetetraacetic acid 

NASTE  Northeast Atlantic subtropical gyral 

NASTW  Northwest Atlantic subtropical gyral 

NATR   North Atlantic tropical gyral province 

NCBI    National Centre for Biotechnology Information 

NERC   Natural Environment Research Council 

NECS   Northeast Atlantic shelves 

NEODAAS   NERC Earth Observation Data Acquisition and Analysis Service 
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NIOZ   Royal Netherlands Institute for Sea Research 

nm   Nanometre 

NWCS  Northwest Atlantic shelves province 

Ø   Diameter 

OD600  Optical density at 600 nm 

ODV    Ocean Data View 

OM   Organic matter 

OMG   Oligotrophic marine Gammaproteobacteria 

OTU   Operational taxonomic unit 

P   Phosphorous 

P-Al   Particulate aluminium 

PAR    Photosynthetically Active Radiation 

PBS   Phosphate buffered saline 

pCO2   Partial pressure of carbon dioxide 

PCoA   Principal Coordinates Analysis 

PCR    Polymerase chain reaction 

PERMANOVA Permutational multivariate analysis of variance  

P-Fe   Particulate iron 

PM   Post meridiem 

POC   Particulate organic carbon 

P-P   Particulate phosphorous 

ppm   Parts per million 

PSU   Practical salinity unit 
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Pty   Proprietary company 

prx   Circadian marker peroxiredoxin 

pyrG   CTP synthase gene 

QIIME   Quantitative Insights Into Microbial Ecology 

qPCR    Quantitative real-time PCR 

RA   Relative abundance 

RDA   Redundancy analysis 

RFLP   Restriction Fragment Length Polymorphism 

RFU   Relative fluorescence unit 

RNA   Ribonucleic acid 

rpoB   β subunit of bacterial RNA polymerase gene 

RT    Reverse transcription 

s   Second 

SAS   Surface active substance 

SATL   South Atlantic gyral province 

SML   Sea surface microlayer 

sp.   Species pluralis 

spp.   Species 

SSS   Sea surface scanner 

SSTC   South subtropical convergence province 

SUND   Sunda-Arafura shelves province 

TAE   Tris base, acetic acid and ethylenediaminetetraacetic acid 

TEP   Transparent exopolymer particles 
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Teq   Triton X-100 

Tg   Teragram 

™   Trade mark 

U10N   Wind speed at 10 m above sea level 

UK   United Kingdom 

ULW   Underlying water 

US   United States 

UTC   Coordinated universal time 

UV   Ultraviolet 

UVR   Ultraviolet radiation 

v/v   Volume/volume 

vs.   Versus 

W   Watt 

w/v   Weight/volume 

WARM  Western Pacific warm pool province 

WCO   Western Channel Observatory 

YTSS   Yeast, tryptone and sea salts 

Δ   Delta 
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Appendix 1 

Details of Sea Surface Scanner on-board sensors including manufacturers and specifications 

taken from Ribas-Ribas et al., (2017). 
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Appendix 2 

The list of detected peptides and polypeptides is provided in a table electronically in 

appendix 2.1. 

Appendix 3 

Sources of metadata used in this thesis. Any metadata from closed sources (i.e. Chapter 6) 

is provided in a table electronically in appendix 3.1. 
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8
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Chapter Metadata Type Status Source 

Chapter 4 

Physicochemical (Temperature, Fluorescence,  

Depth,  Density, Salinity, Transmission, PAR, 

Oxygen) 

Open access 

https://www.westernchannelobservatory.org.uk Nutrients (Nitrite, Nitrate+Nitrite, Ammonia, 

silicate, Phosphate) 
Open access 

Phytoplankton and microzooplankton counts Open access 

Meteorological Open access http://www.bearsbythesea.co.uk 

Chapter 5 

Physicochemical Open access, on request 

https://www.bodc.ac.uk Nutrients Open access, on request 

Phytoplankton Open access, on request 

Chapter 6 

  

Meteorological from sea surface scanner 

Data provided for this 

thesis is available 

electronically in Appendix 

2.2 for the purposes of 

examination only, for any 

other use please contact Dr 

Wurl 

Intellectual property of Dr Oliver Wurl  

Carl von Ossietzky Universität Oldenburg  

The Institute for Chemistry and Biology of the 

Marine Environment (ICBM) 

EG 003 

Schleusenstraße 1 

D-26382 Wilhelmshaven 

Germany 

 

Phone: 04421 / 944-228 

oliver.wurl@uni-oldenburg.de 

Partial pressure of carbon dioxide 

Chlorophyll-a (discrete) 

Surface active substances (discrete) 

Physicochemical (Temperature, Salinity, fDOM, 

Fluorescence, pH ) 
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Chapter Metadata Type Status Source 

Chapter 6 

Trace metals (Al, P, Fe, Total dust) 

Data provided for this 

thesis is available 

electronically in Appendix 

2.2 for the purposes of 

examination only, for any 

other use please contact Dr 

landing 

Intellectual property of Dr 

William Landing  

Earth, Ocean, and Atmospheric 

Science 

College of Arts and Sciences 

Florida State University 

Tallahassee,  

Florida 32306-4320 

 

Phone: (850) 644-6037 

Fax: (850) 644-2581 

E-mail: wlanding@fsu.edu 

Ocean physics and ship board meteorological 

Data provided for this 

thesis is available 

electronically in Appendix 

2.2 for the purposes of 

examination only, for any 

other use please contact Dr 

Zappa 

Intellectual property of Dr 

Christopher Zappa  

Lamont-Doherty Earth 

Observatory (LDEO) 

206B Oceanography 

P.O. Box 1000  

61 Route 9W  

Palisades  

NY 10964 

 

Phone:845-365-8547 

Fax:845-365-8157 

E-Mail:zappa@ldeo.columbia.edu 
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Appendix 4 

Western Channel Observatory nutrient protocol 
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Appendix 5 

Maximum Likelihood analysis (1000 bootstrap replications) of an alignment of the forward 

250 bp of the coxL Form I amplicon from OMPF and NGSR primers using the same 

reference sequences from which new primer NGSR was designed see figure 2.8. 
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WURL, O., BIRD, K., CUNLIFFE, M., LANDING, W. M., MILLER, U., MUSTAFFA, N. 

I. H., RIBAS-RIBAS, M., WITTE, C. & ZAPPA, C. J. 2018. Warming and Inhibition 

of Salinization at the Ocean's Surface by Cyanobacteria. Geophysical Research 

Letters, 45, 4230-4237. 
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M. A., BIRD, K., CUNLIFFE, M., MELKONIAN, K. & ZAPPA, C. J. 2018. Blue 

pigmentation of neustonic copepods benefits exploitation of a prey-rich niche at the 

air-sea boundary. Scientific Reports, 8, 11510. 
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