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UNIVERSITY OF SOUTHAMPTON 
ABSTRACT 

FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS 
SCHOOL OF OCEAN AND EARTH SCIENCES 

Doctor of Philosophy 
BACTERIOPLANKTON COMMUNITY COMPOSITION AND ACTIVITY IN THE 

ATLANTIC OCEAN 
 

By Jane Louise Heywood 
 

Temporal and spatial patterns of bacterioplankton in six different provinces of the Atlantic 
Ocean were examined between 1996 and 2004. The abundance and integrated biomass 
of three prokaryote groups (Prochlorococcus spp., Synechococcus spp. and heterotrophic 
bacteria) were used to detect standing stock changes and characterise community 
structure in the Northern and Southern oligotrophic gyres and in the equatorial region. 
There was no statistically significant inter-annual variability in Prochlorococcus or 
Synechococcus abundance or integrated biomass in any of the provinces. The 
abundance and biomass of the remaining prokaryoplankton was variable but this variation 
could not be ascribed to seasonal differences and did not follow a clear inter-annual 
trend. 
 
  The importance of the microbial loop in recycling organic nutrients in the upper Atlantic 
Ocean was also studied by comparing ratios of bacterial to primary production in different 
oceanic provinces. A proportionately higher rate of photosynthetically fixed carbon flowed 
through the microbial loop in the Northern oligotrophic gyre (22 – 55 %) compared to the 
other provinces studied. This indicates a difference in energy flow through the ecosystem 
in different oceanic regions with a greater emphasis on energy flow through the microbial 
loop in the Northern oligotrophic gyre probably due to reduced grazing of phytoplankton 
and reduced export production compared to other Atlantic Ocean provinces. 
 
  The role of defined groups of bacteria in the cycling of nutrients was identified using a 
combination of flow cytometric sorting with radiotracer uptake and CARD-FISH. The 
SAR11 clade of bacteria were found to dominate the low nucleic acid group of 
bacterioplankton and as such it was possible to quantify the activity and abundance of 
these cells in the Atlantic Ocean. Despite their small genome size, SAR11 bacteria were 
found to be generally as active as an average bacterioplankton cell and were responsible 
for between 30 and 50 % of the total community methionine uptake. 
 
  This research has characterised bacterioplankton composition and activity in Atlantic 
Ocean provinces thus enabling further understanding of the function and importance of 
the microbial loop in the upper ocean. 
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Chapter 1 

Introduction 

 

1.1 Prokaryotes 

 

Prokaryotes encompass the two domains; Bacteria and Archaea. The first prokaryotes 

appeared approximately 3.8 billion years ago (Mojzsis et al., 1996) and this combined 

with their high growth rates has facilitated great evolutionary changes. Consequently 

the Bacteria domain has the greatest diversity of any of the three domains of life. 

Prokaryotes have evolved to exist in many, often extreme, environments where other 

forms of life cannot survive (Edwards et al., 2000; Thomas and Dieckmann, 2002). 

Prokaryotes are the most abundant and ubiquitous organisms on the planet with an 

estimated 4 - 6 x 1030 cells of which 1.2 x 1029 cells are found in the global ocean 

(Whitman et al., 1998). Although prokaryotic cells are very small (typically 0.2 – 1 µm 

diameter in the open ocean), their high global abundance results in estimates of the 

global prokaryotic carbon biomass between 60 – 100 % that of the estimated total plant 

carbon biomass (Whitman et al., 1998). 

 

1.2 Bacterioplankton diversity  

  

Prior to the study of marine prokaryotic community composition, bacterioplankton 

measurements were made on the community as a whole. It has since been determined 

that there is great diversity in community composition as well as the function of different 

bacteria and archaea with prokaryotic plankton consisting of phylogenetically and 

metabolically diverse groups (Giovannoni and Rappe, 2000).  The majority of marine 

bacteria fall into one of the following phylogenetic branches of the Bacteria domain: 

alpha, gamma or beta proteobacteria, Cytophaga-Flavobacterium-Bacteroides group, 

Planctomycetales or the cyanobacteria (Giovannoni and Rappe, 2000; Fig. 1.1). 

Archaeal diversity is less well known but members of the two major clades, 

Crenarchaeota and Euryarchaeota are present in the water column (Giovannoni and 

Rappe, 2000; Fig. 1.1). Until relatively recently, Archaea were thought to only be 

important in extreme environments such as deep-sea hydrothermal vents and high 

saline environments and were not considered to be present in significant numbers in 

the water column (Woese et al., 1990). It was not until 1992 when archaeal rDNA 

sequences were found in samples from the Pacific and Atlantic Oceans (DeLong, 

1992; Fuhrman et al., 1992). The prokaryotic plankton community was therefore 
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referred to as bacterioplankton and this term is still used in many studies, including this 

one, to refer to both planktonic bacteria and archaea. 

 

 

Figure 1.1: Phylogeny of the major marine and freshwater prokaryotes. 

(Adapted from Giovannoni and Sting, 2005). 

 

 
 

 

Although molecular analysis of mixed bacterial communities has led to the identification 

of several novel groups, gene clusters obtained from the environment exhibit high 

genetic variability within the groups and as many of the sequences are not found in 

culture, the exact number of species present in seawater samples is unknown (Curtis 

et al., 2002). As a result, research has focused on determining metabolic diversity in 

the marine microbial community rather than identifying individual species. For example, 

members of the Planctomycetales group have been shown to be important anaerobic 
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oxidizers of ammonium to N2 in anoxic waters (Kuypers et al., 2003). Methane oxidising 

bacteria or methanotrophs have also been identified in the gamma and alpha 

Proteobacteria groups (Hanson and Hanson, 1996) some of which are capable of 

nitrogen fixation (Auman et al., 2001).  

 

Bacteria have been considered as heterotrophs as part of the marine microbial loop, 

however, autotrophic bacteria can be abundant in the microbial community of oceanic 

waters. The two dominant groups of oceanic phototrophic bacteria are the coccoid 

cyanobacteria Synechococcus and the prochlorophyte Prochlorococcus which have 

since been shown to contribute up to 45% of phytoplankton carbon biomass (Campbell 

and Vaulot, 1993). Two genetically distinct populations of Prochlorococcus have been 

identified, one that is common in water with high light intensities and one that is 

common in low light intensities. These two populations have adapted to their respective 

niches by varying the ratio of chlorophyll b2/a2, therefore altering the efficiency of 

photosynthesis (Moore et al., 1998). 

 

The classical view of marine microbes being either heterotrophic or phototrophic is 

changing with the discovery of mixotrophic bacteria that can obtain energy from both 

photosynthesis and heterotrophic respiration. For example, Prochlorococcus, was 

traditionally considered to be entirely phototrophic but has recently been found to take 

up amino acids at high rates, particularly the low-light adapted species (Zubkov et al., 

2004).  

 

Some obligate heterotrophic bacteria have been found to contain photosynthetic 

pigments such as carotenoids, bacteriochlorophyll a (Kolber et al., 2001) and 

proteorhodopsin and are capable of phototrophy (Beja et al., 2001). 

Bacteriochlorophyll-containing aerobic anoxygenic phototrophs (AAnPs), although not 

capable of photosynthesis, do have the ability to harvest light energy thus reducing the 

energy required from heterotrophic metabolism, giving them an ecological advantage in 

photic, oligotrophic environments (Yurkov and Beatty, 1998). Until recently the 

energetic role of proteorhodopsin was uncertain, however experiments using E. coli 

have found that this light-driven proton pump is activated during periods of respiratory 

inhibition, thereby facilitating bacterial survival in oxygen depleted illuminated waters 

(Walter et al., 2007). 
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1.3 Prokaryote physiology 

 

A typical prokaryote cell contains approximately 50 % carbon and 12 % nitrogen (dry 

weight). Some bacteria are capable of utilising CO2 via photosynthesis however the 

majority of prokaryotes must obtain carbon in other forms from the environment. This is 

usually in the form of amino acids, fatty acids, organic acids, sugars or aromatic 

compounds (Madigan and Martinko, 2006). Some bacteria are able to fix N2 but most 

prokaryotes take up nitrogen in the form of ammonia (NH3) and some are able to 

assimilate nitrate (NO3). Organic nitrogen compounds are also a source for many 

prokaryotes e.g. amino acids and nitrogen bases of nucleotides (Giovannoni and 

Rappe, 2000).  

 

Other macronutrients needed for cell growth are phosphorus (for nucleic acid and 

phospholipids synthesis), sulphur (for methionine, cysteine and vitamin synthesis), 

potassium (for enzymes involved in protein synthesis), magnesium (for cell structure 

and enzyme function), calcium (for bacterial cell wall stabilisation) and sodium 

(required for the growth of marine prokaryotes). Iron is also required for the proteins 

and cytochromes involved in electron transport in respiration (Madigan and Martinko, 

2006).  

 

1.4 Bacterioplankton distribution 

 

Abiotic factors that may influence the distribution of bacteria include temperature, light 

and availability of organic nutrients. For example, studies in the Atlantic Ocean have 

shown that water temperature is positively correlated with the ratio of bacterial 

production to primary production, and, more strongly, with the ratio of bacterial carbon 

demand to primary production (Hoppe et al., 2002). The abundance of bacteria in the 

western North Atlantic is correlated with the concentration of soluble reactive 

phosphorus, however the same study showed that the distribution of Prochlorococcus 

was independent of nutrient concentrations but unlike other prokaryotic groups, was 

correlated with temperature (Cavender-Bares et al., 2001).  

 

Bacterial distribution has been examined at millimetre (Seymour et al., 2000; Long and 

Azam, 2001), centimetre (Mitchell and Fuhrman, 1989; Duarte and Vaque, 1992) and 

metre scales (Ducklow, 2000). Vertical stratification of bacterial communities exists in 

the water column, with alpha Proteobacteria dominating in the upper surface layer (the 

most abundant clades are the Roseobacter, SAR11 and SAR116 clades) and the 
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SAR202, SAR324 and Marine Group A clades dominating bacterial communities in the 

aphotic zone (Giovannoni and Rappe, 2000).  

 

1.5 The microbial loop 

 

Heterotrophic bacterioplankton transport low molecular weight organic molecules 

across the cell wall into the cell and obtain energy for growth through the respiration of 

these organic molecules. Between 5 and 50% of carbon fixed by phytoplankton is 

released as dissolved organic matter (DOM) (Larsson and Hagstrom, 1982). Several 

studies have indicated that the majority of this DOM is taken up by heterotrophic 

bacterioplankton (Azam, 1998; Azam et al., 1983; Ducklow, 2000). Bacteria are grazed 

upon by heterotrophic flagellates which are in turn preyed upon by microzooplankton 

thus forming a ‘microbial loop’ (Fig. 1.2) that returns carbon to the food web that would 

have otherwise been lost via DOM (Azam et al., 1983). 

 

The rate of bacterioplankton biomass production quantifies the role of prokaryotes in 

the carbon cycle of the open ocean. In order to study the amount of carbon flowing 

through the microbial loop and hence the importance of it in marine food webs, the 

growth rate and bacterial carbon demand (BCD) of bacteria must be determined. The 

incorporation of radiolabelled metabolic precursors into cells along with measurements 

of growth rates has enabled the rate of production of bacterial organic matter to be 

determined (Fuhrman and Azam, 1980; Kirchman et al., 1985). This measure of 

bacterial production reflects the amount of organic matter available to other trophic 

levels in the food web. Heterotrophic bacteria obtain energy from the respiration of 

organic matter and therefore the BCD is greater than the rate of bacterial production. 

However, the BCD can be calculated if the efficiency of bacterial growth is known 

(Ducklow, 2000).  

 

Bacterial production is commonly determined by measuring the uptake of labile organic 

molecules, for example, thymidine or leucine (Fuhrman and Azam, 1982; Kirchman, 

1993)(Zubkov et al., 2000). Thymidine is incorporated into DNA and is therefore a 

measure of DNA synthesis whereas leucine is incorporated into protein and is therefore 

a measure of protein synthesis. The rates of either DNA or protein synthesis are 

related to cell growth and could be converted into the rate of new biomass production 

using conversion factors.  
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The rate of net primary production by phytoplankton is a key element of the global 

carbon cycle and has been estimated for the global ocean to be 45 to 50 Pg C per 

annum (Field et al., 1998; Longhurst et al, 1995). In recent years, the importance of the 

microbial loop in returning carbon to the marine food web has been studied by 

comparing the rate of primary production to the rate of bacterial production. Studies in 

the subarctic Pacific (Kirchman et al., 1993), subarctic NE Atlantic (Ducklow et al., 

1993), Southern Ocean (Bjornsen and Kuparinen, 1991) and Arabian Sea (Pomroy and 

Joint, 1999) have examined bacterial production (BP) as a percentage of primary 

production (PP) and produced values ranging from 3 to 50 %. However, more recent 

estimates of BP/PP in non-polar oceanic regions are between 8 and 13% (Ducklow, 

2003).   

 

Figure 1.2: Sources and pathways of nutrients through the marine ecosystem 

and the microbial loop.  

 

 
 

1.6 Recent developments in marine microbial ecology 

 

Prior to the 1970s the primary role of bacterioplankton in oceanic food webs was 

thought to be as decomposers of organic matter. This view has changed considerably 

during the past twenty years with heterotrophic bacteria now shown to dominate the 

cycling of organic matter via the ‘microbial loop’ (Azam et al., 1983; Ducklow et al., 
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2000). This recent turnaround in opinion is a result of technological advances in marine 

microbial ecology.  

 

In 1977, Hobbie et al. reported bacterial concentrations measured using 

epifluorescence microscopy that were several orders of magnitude greater than those 

measured previously using traditional culture-based techniques (e.g. ZoBell, 1946). 

The discrepancy between bacterial numbers obtained from microscopy and cell-

culturing was highlighted many years earlier and at the time was explained by the 

majority of cells visible by microscopy being dormant or dead (Jannasch and Jones, 

1959). This theory was strengthened by the identification of nongrowing ‘ghosts’ in 

seawater i.e. bacterial cells without nucleiods (Zweifel and Hagstrom, 1995) although 

later studies showed that these ghosts were able to grow and in fact contained 

nucleiods that were too small to detect (Choi et al., 1996).  

 

The main reason for the ‘great plate count anomaly’ (Staley and Konopka, 1985) is an 

inability or impaired ability of many marine bacteria to form colonies under the standard 

culture conditions used. However, contrary to previous belief, this was largely due to an 

inability to mimic, in vitro, a natural environment conducive to the growth of many 

bacteria, a problem still facing marine microbiologists today. Growing bacteria in vitro 

enables isolation of specific strains and the subsequent study of cell physiology not 

possible by other methods. The inability to culture and study the physiology and 

metabolism of many marine bacterioplankton groups led to the assumption that they 

were relatively unimportant in marine food webs. Despite recent advances in cell-

culture techniques that have enabled the cultivation of previously uncultivable bacteria 

(Zengler et al., 2002), it was the earlier development of alternative methods for 

studying microbial community metabolism and respiration that emphasised bacteria as 

important carbon recyclers (Pomeroy, 1974). 

 

Up until the mid-1980s it was virtually impossible to determine the species, genus or 

order of a bacterium using light or epifluorescent microscopy due to the small size and 

usually undistinguishable morphological characteristics of bacterial cells. An important 

technological advancement in the field of microbial ecology was the application of 

molecular biology techniques, principally the extraction of DNA from mixed 

communities followed by cloning and sequencing of the small subunit (SSU) rRNA 

gene (Olsen et al., 1986). Restriction fragment length polymorphism (RFLP) has been 

used to assess the diversity of prokaryotic 16S rDNA sequences from both coastal and 

oceanic samples (e.g. Acinas et al., 1997; Gallagher et al., 2004 and Rappe et al., 
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2000). This technique provides a measure of the frequency of certain cloned 

sequences but as the primers used in the DNA amplification step may bind 

preferentially to some species over others, the number of clones obtained may not 

accurately represent the community composition. 

 

In the past five years the fields of genomics and proteomics have been applied to the 

study of marine microbes. The sequencing and annotation of genomes from cultivable 

marine bacteria has revealed valuable insights into the metabolism and adaptation of 

these microbes to their environment. For example, analysis of the genome sequence 

from the planctomycete, Pirellula sp., revealed genes encoding a holdfast polymer to 

attach the cells to sinking, nutrient-rich marine snow particles; genes coding for nitrate 

transporters to support growth under nitrogen-limiting conditions; sulphatase genes for 

the cleavage of sulphated algal polymers prior to aerobic oxidation and the potential 

ability of Pirellula sp. to survive anoxic conditions by obtaining energy from heterolactic 

acid fermentation. The evolution of a large genome in Pirellula sp. (7.145 Mb) enables 

it to adapt to varying environmental conditions and stresses such as anoxia, nutrient 

limitation and even periods of starvation (Glockner, 2003). In contrast, sequencing and 

annotation of Prochlorococcus marinus genotypes have revealed that the small 

genomes (1.66 to 1.75 Mb) of these photosynthetic organisms lack many genes coding 

for proteins involved in photosynthetic pathways and the low-light SS120 genotype is 

missing genes for nitrate or nitrite transporters and therefore must rely on reduced 

forms of nitrogen such as NH4
+ and amino acids (Dufresne et al., 2003). 

Prochlorococcus marinus is adapted to survive in nutrient-limited waters and therefore 

has evolved a streamlined genome, with the minimum number of genes necessary for 

phototrophic growth and survival. 

 

Of particular interest is the ability to obtain DNA sequences directly from environmental 

samples, eliminating the need for culturing and permitting studies on the diversity and 

distribution of uncultivable prokaryotes. This has been achieved using whole-genome 

shotgun sequencing (Venter et al., 2004). The abundance of certain genes encoding 

proteins important in biogeochemical cycles, (for example the nif family of genes 

involved in N2 fixation) can be estimated using quantitative PCR (qPCR). This method 

has also been used to examine bacterial diversity and abundance. QPCR has also 

been to study the distribution and abundance of Prochlorococcus and Synechococcus 

ecotypes by exploiting differences in the 16S-23S rDNA internal transcribed spacer 

(Ahlgren et al., 2006; Coleman et al., 2006).  
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However, the amplification of mixed community DNA by PCR introduces biases as 

described previously where primers may preferentially bind to one species or group of 

bacteria over another, making truly quantitative measurements from mixed community 

samples impossible. Methods to reduce the effect of this PCR-bias include the recent 

development of whole genome amplification, using a rolling circle DNA amplification 

step (Hutchinson et al., 2005 and Stepanauskas and Sieracki, 2007). This method 

amplifies the whole genomic DNA in the sample prior to amplification of the target 

genes of interest, thus reducing the number of cycles or PCR reactions and therefore 

reducing inter-specific primer-binding biases. 

 

To obtain a direct measurement of microbial community composition, fluorescent in situ 

hybridisation (FISH) has been used (see review: Amann et al., 1995) where fluorescent 

labelled 16s rRNA probes bind to target sequences in the cell allowing enumeration of 

labelled cells using epifluorescence microscopy. This technique has been further 

developed to increase the detection of probe-labelled cells by using a signal 

amplification step (CARD-FISH, Pernthaler et al., 2002b). Unlike PCR primer pairs, 

FISH probes target only short (approximately 20 bases) nucleic acid sequences so 

they cannot usually be designed to detect fine-scale differences between closely 

related ‘species’ without becoming unspecific to the target group. However, this method 

remains the only way of quantifying prokaryotic clades in mixed community 

environmental samples. 

 

In addition to molecular-based methods for studying microbial community composition, 

the development of flow cytometry has enabled rapid quantification of cells from marine 

environments. Flow cytometry also provides the ability to separate the mixed 

community based upon cell characteristics using stains specific for nucleic acids (Marie 

et al., 1997), protein (Zubkov et al., 1999), cell activity (Lopez-Amoros et al., 1998; 

Sieracki et al., 1999) and viability (Tyndall et al., 1985). By combining flow cytometric 

cell sorting with molecular techniques or radiotracer uptake methods, community 

composition or activity respectively can be more accurately defined in mixed 

bacterioplankton communities (Mary et al., 2006; Zubkov et al., 2001). 

 

Despite the technological advancements in community characterisation and 

enumeration, there is still a lack of knowledge regarding the activity and functioning of 

the majority of specific groups of marine prokaryotes. A recent development combining 

microautoradiography and FISH has enabled the identification of prokaryotes that 

actively take up specific substrates (Ouverney and Fuhrman, 1999). However, this 
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method is at best only semi-quantative (Sintes and Herndl, 2006) and the majority of 

measurements have been made on coastal bacteria (e.g. (Alonso and Pernthaler, 

2005; Elifantz et al., 2005; Vila et al., 2004).  

 

1.7 Biogeochemical cycles 

  

Many elements on the planet can be transformed between various chemical forms, 

both biotic and abiotic. These transformations can occur through chemical reactions 

with other elements or compounds or through biologically mediated processes such as 

respiration and metabolism. Understanding the various processes, sources and sinks 

involved in these biogeochemical cycles is important in order to be able to predict the 

effects of anthropogenic activities on the environment such as climate change and 

pollution (Behrenfeld et al., 2006; Beman et al., 2005; del Giorgio and Duarte, 2002; 

Karl, 1997). As prokaryotes are responsible for many of the biologically-mediated 

processes involved in biogeochemical cycling (Arrigo, 2005), research into the activity 

and distribution of these organisms is crucial as anthropogenic environmental impacts 

become more significant.  

 

The carbon cycle involves the fixation of CO2 from the atmosphere into organic matter 

via photosynthesis in plants and phytoplankton (primary production). Global net primary 

production (NPP; the amount of photosynthetically fixed carbon available for transfer to 

other trophic levels after respiration and other metabolic utilisation) has been estimated 

using satellite-based measurements to be 104.9 Pg C per annum (Field et al., 1998). 

Following carbon fixation, the resulting organic compounds can be respired by 

photosynthetic or heterotrophic organisms, thus producing new biomass and CO2.  

 

Aquatic and terrestrial environments contribute approximately 50 % each to global 

carbon fixation (Field et al, 1998). Organic matter produced in the surface ocean can 

sink from the photic zone into deeper waters and become incorporated into sediments. 

This drawdown and sequestration of atmospheric CO2 is termed the biological pump 

and may be an important sink for anthropogenic CO2. However, the majority of fixed 

carbon remains in the upper ocean and is metabolised and respired by heterotrophs, 

thus flowing through the food web and being available for higher trophic levels.  

 

Furthermore, in the context of the oceanic carbon cycle it is also necessary to consider 

physical and chemical processes. The majority of atmospheric CO2 dissolves in the 

oceans and due to physical processes, some of this may be transported to deep water 
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where it cannot usually escape back into the atmosphere for long timescales (the 

solubility pump) apart from in upwelling regions. The dissolution of CO2 in the oceans 

lowers the seawater pH and this can have a detrimental effect on calcification, carried 

out for example by coccolithophorid phytoplankton and corals (Riebesell et al., 2000). 

Although the oceans can be a sink of atmospheric CO2, they are also a source through 

respiration, calcification and diffusion. Figure 1.3 depicts the major pathways in the 

oceanic carbon cycle.  

 

 

 Figure 1.3: The oceanic carbon cycle (Chisholm 2000) 
 

 
 

Bacteria are responsible for the majority of organic matter respiration (Ducklow, 1999; 

Williams, 1981) in the oceans and also contribute to carbon export via the sinking flux 

(Legendre and Fevre, 1995; Legendre and Rassoulzadegan, 1996; Richardson and 

Jackson, 2007). Bacteria and Archaea have vital roles in the flow of carbon to higher 

trophic levels via the microbial loop (Azam and Worden, 2004) and picophytoplankton 

(< 2 µm size fraction), including the cyanobacteria have also been shown to dominate 

primary production in oligotrophic waters (Maranon et al., 2001). Hence, knowledge of 
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the abundance, distribution and rates of carbon flow through the prokaryotic community 

are essential components in studies of the carbon cycle and ecosystem functioning.  

 

In addition to the importance of prokaryotes in the carbon cycle, they also mediate 

processes in many other biogeochemical cycles, for example the nitrogen (Capone et 

al., 1997; LaRoche and Breitbarth, 2005; Zehr and Ward, 2002), sulphur (Bates, 1994; 

Kiene et al., 1999), phosphorus (Ammerman, 1993; Michaels, 1996; Zubkov et al., 

2007) and iron (Barbeau et al., 2001) cycles. 

 

1.8 Objectives  

 

Four objectives and hypotheses have been identified to examine the importance of 

prokaryotic plankton and the controls upon the community in the Atlantic Ocean. The 

main pathways and the corresponding objectives are highlighted on the simplified food 

web diagram shown below. 

 

Figure 1.4: Simplified food web diagram with the pathways and constituents 

examined in this thesis are highlighted in red. The numbered boxes correspond to 

the objectives and hypotheses to be tested as described below. 

 
 
 

 

 

 

 

1 

1 

2 3 
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1. To determine the microbial community composition and how this varies 

both vertically in the water column and latitudinally along each transect. 

(Chapters 3 and 4) 

Biannual sampling along the AMT enables the study of a wide range of environments, 

for example the 5 different oceanic provinces and sampling through different layers of 

the water column. Additional sampling in the Scotia Sea has also provided another 

contrasting physical environment for comparison. The hypotheses to be tested is that 

microbial community composition varies spatially and temporally in parallel with 

changes in physical parameters such as light and with changes in organic nutrient 

concentrations. It is also proposed that different provinces can be identified along both 

the AMT transects and in the Scotia Sea using the abundance and distribution of 

prokaryotes. 

 

2. To examine the flow of carbon through the microbial loop. (Chapter 5) 

Photosynthesis by both prokaryotic and eukaryotic phytoplankton produces new 

biomass in the oceans. This biomass can be re-mineralised in the photic zone via 

zooplankton grazing or by the uptake of DOM by heterotrophic prokaryotes or is 

removed out of the photic zone via the sinking flux. The importance of the microbial 

loop in retaining this organic matter in the photic zone is examined in this chapter by 

looking at the proportion of photosynthetically fixed carbon used by heterotrophic 

prokaryotes, i.e. the relationship between bacterial and primary production. Due to low 

primary production rates in the oligotrophic gyres, the hypothesis to be tested is that 

relatively more of the photosynthetically fixed C flows through the microbial loop in the 

oligotrophic gyres than in more nutrient rich waters where there would be a greater 

export of biomass and/or higher grazing rates. 

 

3. To determine the metabolic activities of dominant bacterial groups in 

order to assess the influence of microbial community composition on 

biogeochemical cycles. (Chapter 6) 

Recent research has highlighted specific activities for certain bacterial groups in 

specialised environments however, the activity and diversity of heterotrophic bacteria in 

oceanic environments remains largely unknown. Chapter 6 focuses on linking the 

activity of defined bacterioplankton groups in terms of amino acid uptake to the 

community composition. It is hypothesised that the rate of amino acid uptake differs for 

different bacterial taxonomic groups and is related to the availability of these organic 

nutrients.  
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Chapter 2 

Hydrographic features of the sampling sites and an overview of the Atlantic Meridional 

Transect Programme 

 

2.1 The Atlantic Ocean 

 

The northern and southern Atlantic Ocean is dominated by large anticyclonic 

convergent gyres that act to deepen the pycnocline and prevent nutrients from the 

deep water coming up to the euphotic zone. In the northern hemisphere, northeast 

trade winds in combination with the Coriolis force and increased solar heating close to 

the equator result in a westward flowing North Equatorial Current, generating a 

clockwise circulation in the northern gyre. Similarly, south of the equator, southeast 

winds force water westwards to form the South Equatorial Current, contributing to the 

anti-clockwise circulation of the southern gyre (Fig. 2.1; Niiler, 2001).  

 

Balance between the Coriolis force and the gravity gradient produced by Ekman 

transport result in geostrophic currents around the gyre. These boundary currents are 

intensified in the west, characterised by sharp boundaries and fast flow (the Gulf 

Stream and the North Atlantic current in the northern hemisphere and the Brazil current 

in the southern hemisphere). In contrast, the eastern boundary currents (the Canary 

current in the north and the Benguela current in the south) are slower, have more 

diffuse boundaries and typically cooler waters originating from mid-latitudes (Tomczak 

and Godfrey, 2003).  

 

Several currents exist around the equator; the two persistent dominant currents in 

surface waters flow westwards, forming the North Equatorial Current (NEC; > 10 ºN) 

and the South Equatorial Current (SEC; from approximately 3 ºN to 15 ºS ). Eastward 

flowing sub-surface countercurrents also exist in this region, north and south of the 

equator. The North Equatorial Countercurrent (NECC) exhibits strong seasonality, 

inhibited by strong trade winds in the boreal spring. Deeper in the water column, 

equatorial undercurrents also flow eastwards at depths greater than 100 m (Tomczak 

and Godfrey, 2003). 

 

The deep pycnocline in the northern and southern gyres limits the input of nutrients 

from deep water to the photic zone. This results in typically oligotrophic conditions in 

the gyres with sources of nutrient inputs limited to eddy-induced upwelling 

(McGillicuddy et al., 1998; Oschlies and Garcon, 1998), atmospheric deposition 
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(Sarthou et al., 2007) and lateral transport and diffusion close to the boundaries (Palter 

et al., 2005; Williams et al., 2006). At the equator and in the eastern boundary currents, 

upwelling occurs in regions of divergence and due to coastal processes, providing 

inputs of nutrient-rich deep water into the photic zone. 

 

 
 

 

2.2 The Scotia Sea 

 

The Scotia Sea was included in this study as an extension southwards from the AMT 

sampling sites. Located between the South Atlantic and the Weddell Sea, the Scotia 

Sea is dominated by the eastward flow of the Antarctic Circumpolar Current (ACC; 

(Rintoul et al., 2001). The ACC consists of four strong currents between 54 and 63 ºS. 

The northernmost of these currents is the Subantarctic Front (SAF) followed by the 

Polar Front (PF), the Southern Antarctic Circumpolar Current Front (SACCF) and the 

Southern Boundary of the Antarctic Circumpolar Current (SBACC)(Brandon et al., 

2004; Orsi et al., 1995). It has been suggested that the interaction of internal waves 

and tides with topography may be the cause of the high rate of mixing of deep nutrient-

rich waters with surface waters observed in this region (Heywood et al., 2002). 

 

Samples were collected during cruise JR82 which consisted of 8 north-south transects 

crossing the ACC in January 2003 (Fig. 2.2; Ward et al., 2006). 

Figure 2.1: Schematic diagram of 

Atlantic Ocean currents and circulation 

(Lalli and Parsons, 1997) 
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2.3 The Atlantic Meridional Transect (AMT) programme 

 

Oligotrophic gyres cover vast areas of the world’s oceans and several research 

programmes have focused on the study of biologically-mediated processes in these 

waters. These programmes are in the form of fixed point time-series such as the 

Bermuda Atlantic Time-series (BATS; DuRand et al., 2001; Michaels, 1994) and the 

Hawaii Ocean Time-series (HOT; Karl and Lukas, 1996) or sampling along single 

transects (e.g. as part of the JGOFS programme; Hoppe et al., 2002) and the global 

sampling strategy of the IMBER-endorsed Galathea 3 cruises; www.galathea3.dk). The 

majority of biological oceanographic research in oligotrophic gyres has been 

concentrated in the northern gyres of the Pacific and Atlantic Oceans. In contrast to 

other research programmes, the AMT programme combines repeated sampling over 

10 years with a large spatial coverage including both the northern and southern Atlantic 

gyres.  

 

The aim of the AMT programme is to conduct biological, chemical and physical 

research, sampling biannually on cruises along a transect between the UK and either 

the Falkland Islands or South Africa. Eighteen cruises have been carried out (AMT-1-

17) between 1995 and 2005 as part of 2 phases of the programme (AMT 1-11 and 

AMT 12-17). During the second phase of the AMT programme, southbound cruises in 

the boreal autumn sampled the NW African upwelling region, whereas northbound 

cruises in the boreal spring sampled waters farther west into the N. Atlantic gyre. This 

thesis includes data from seven AMT cruises. The dates, start and end locations of 

each of these cruises are shown in Table 2.1.  
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Table 2.1: AMT cruise dates and locations. The cruises shown in bold (AMT-14 

and 15) were the cruises directly participated in during the course of this Ph.D. 

research. For the remaining cruises, either samples were provided for 

processing post-cruise (AMT-12 and 13), or data were provided for analysis 

(AMT-3, 4 and 6). 

 

Cruise Dates Start location End location 

AMT-3 16/09 – 25/10/1996 U.K. Falkland Islands 

AMT-4 21/04 – 27/05/1997 Falkland Islands U.K. 

AMT-6 14/05 – 16/06/1998 South Africa U.K. 

AMT-12 12/05 – 17/06/2003 Falkland Islands U.K. 

AMT-13 10/09 – 14/10/2003 U.K. Falkland Islands 

AMT-14 28/04 – 02/06/2004 Falkland Islands U.K. 

AMT-15 17/09 – 29/10/2004 U.K. South Africa 

 

 

Previous research has identified 5 distinct oceanic provinces along the Atlantic 

Meridional Transect. These are the oligotrophic Northern (NAG) and Southern (SAG) 

gyres, temperate regions at the high latitude Northern (NT) and Southern (ST) ends of 

the transect and an upwelling region around the equator (EQ) (Zubkov et al., 1998b). 

The cruise tracks are shown in Fig. 2.2.  
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The following three objectives were identified for the second phase of the AMT 

programme. 

 

1: To determine how the structure, functional properties and trophic status 

of the major planktonic ecosystems vary in space and time. 

2: To determine the role of physical processes in controlling the rates of 

nutrient supply, including DOM, to the planktonic ecosystem. 

3: To determine the role of atmosphere-ocean exchange and photo-

degradation in the formation and fate of organic matter. 

 

Figure 2.2: Cruise tracks for AMT 

cruises from the second phase of 

the AMT programme (AMT12 to 15) 

and from a BAS cruise in the Scotia 

Sea (JR82). The map was 

produced using Ocean Data View 

(Version 3.0.4; Schlitzer, 2006). 
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Objective 1 contains the following four hypotheses.  

  

1. The size spectra, and mineralization capacity of planktonic organisms 

are major determinants of CO2 and organic matter export to the 

atmosphere and deep water. 

2. Growth rates of phytoplankton in tropical and subtropical waters are 

correlated with the f ratio and, for the surface layer, with the relative 

contribution of nanoplankton. 

3. The biodiversity of the microbial planktonic community significantly 

influences C, N and P recycling and ecosystem trophic state. 

4. Basin scale variability in photosynthetic growth rates and pCO2 flux can 

be derived from remotely sensed data. 

 

This research specifically addresses hypothesis 3 of objective 1 of the AMT 

programme however data presented here have been used in conjunction with other 

AMT data to test hypotheses 1 and 2, shown above (San Martin et al., 2006; Hickman, 

2007). 

 

Many biological, chemical and physical parameters were measured during the second 

phase of the AMT programme. These parameters, along with the frequency and 

method of sampling used are summarized in Table 2.2. 
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Table 2.2: Typical daily sampling schedule (AMT12–17) (adapted from 
(Robinson et al., 2006). 

 
Time Operation Research area 
Pre-dawn  

03:00 
GMT 

Bongo nets 
(200 µm, 50 µm; 200–0 m, 50–0 m) 

Mesozooplankton abundance, 
diversity and size distribution 

 CTD(s) (0–300 m)+fluorescence, 
oxygen, transmission, ADCP, FRRF 

Plankton community structure 
including picoplankton abundance 
and community structure, 
bacterial production, 
primary production, chlorophyll a 
and other photosynthetic 
pigments, respiration, calcification, 
N2 fixation, new and regenerated 
production,  
nutrients (NO3, NO2, PO4, SiO4) 
CDOM, DOC/N, POC/N, PIC, BSi,  
climate reactive gases (DMS, 
N2O, CH4),  
carbon species, oxygen  

05:00 GMT SAPS ( every 3rd day) Export production,  
isotopic composition  
of particulate organic nitrogen  

11:00 GMT CTD (0–1000 m)+fluorescence, 
oxygen,  
transmission, ADCP 

Picoplankton abundance and 
community structure, 
bacterial production, iron 
speciation, nutrients (NO3, NO2, 
PO4, SiO4), CDOM 

 Optics rig+FRRF Optical properties,  
satellite algorithm development 

 Single net (200 µm; 100–0 m) Mesozooplankton diversity and 
activity  

Continuous Thermosalinograph, fluorescence, 
pCO2 

Province determination,  
source and sink regions of CO2  

Continual Water sampling from non-toxic 
supply 

Alkalinity, TCO2, ammonia, DMS,  
CDOM, calibration samples for 
salinity, HPLC pigments, POC/N, 
PIC, picoplankton community 
structure and abundance 

Continual Atmospheric sampling when wind 
conditions  
permit and rainfall when possible 

Air–sea exchange 
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2.4 Sample collection and measurement of physical, chemical and biological 

parameters 

 

2.4.1 Sample collection and hydrographic measurements 

 

Water samples from the upper 300 m of the water column were collected in Niskin 

bottles attached to a rosette sampler with a conductivity, temperature, depth profiler 

(CTD, SeaBird 911plus instrument); a fluorometer (Chelsea MKIII Aquatracka) and a 

PAR sensor (Chelsea) fitted. Temperature, salinity and PAR were measured at 0.5 m 

depth intervals.  

 

Samples were collected from up to 24 depths twice daily at pre-dawn and mid-morning 

stations. Further details of the sampling frequency used for each set of measurements 

or experiments are described in the methods section of each chapter. Sub-samples for 

flow cytometry were collected directly from the Niskin bottles into acid washed (10 % 

HCl) 50 ml polypropylene screw-top tubes. Sub-samples for radiotracer incubations 

and CARD-FISH were collected via acid-washed silicone tubing into 1 L acid-washed 

Thermos flasks to maintain the ambient water temperature and store samples in the 

dark until processing (within one hour of collection).  

 

2.4.2 Inorganic nutrient and chlorophyll-a measurements 

 

Dissolved inorganic nutrients and total chlorophyll-a were measured at up to 10 depths 

from each station. Nitrate and nitrite concentrations above 0.1 µM were measured 

using a 5-channel Technicon segmented flow colorimetric autoanalyser (Bran+Luebbe 

AAII; (Brewer and Riley, 1965; Grasshoff, 1976). Lower (nM) concentrations of nitrate 

and nitrite were measured using a colourimetric segmented flow analytical system with 

liquid waveguide capillary cell (World Guide Precision; Woodward and Rees, 2001). 

The concentration of total chlorophyll-a was determined by filtering 250 – 500 mls 

seawater through glass fibre filters (Whatman, GF/F). Chlorophyll was then extracted 

from the filters by submersion in 10 mls 90 % acetone for 18 – 20 hours in the dark and 

was measured using a TD-700 fluorometer (Turner Designs).  

 

2.4.3 Primary production measurements 

 

Primary production rates were measured using a 14C fixation method on water samples 

from 5 – 6 depths from the pre-dawn CTD cast. The depths chosen for sampling 
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corresponded with the light irradiance levels, 97 %, 55 %, 33 %, 14 %, 1 % and 0.1 % 

of the surface irradiance. Triplicate sub-samples (125 mls) were incubated with 

radiolabelled sodium bicarbonate (18 - 20 µCi NaH14CO3) in the dark and light from 

local dawn until dusk; 10 – 16 h duration in temperature-regulated on-deck incubators 

fitted with light filters to simulate the in situ irradiance levels. Following incubation, 

samples were collected on 0.2 µm polycarbonate filters and fumed over hydrochloric 

acid for 30 – 40 mins. Filters were subsequently submerged in 5 mls liquid scintillation 

cocktail (Optiphase HiSafe-3) and the radioactivity counted on a TriCarb 3100TR liquid 

scintillation counter. A more detailed description of the method is presented in Poulton 

et al. (2006). 

 

2.4.4 Data analysis 

 

Due to differences in the treatment of data derived from different experiments, specific 

analyses and statistical tests used are described in the methods sections of each 

chapter. In general, provinces were determined using Bray-Curtis similarity tests 

followed by hierarchical agglomerative cluster analysis (Clarke and Warwick, 2001) 

performed with PRIMER 5 software (PRIMER-E Ltd., Plymouth, U.K.). Comparison 

between provinces was made using either one-way ANOVAs and / or paired or 2 

sample t-tests. Other statistics used include Pearson’s correlations and regression 

analysis to compare amino acid uptake rates and to derive biomass and bacterial 

production conversion factors. All these statistics were performed using either Minitab 

or SPSS software. 

 

2.5 Hydrographic and biological characteristics along the AMT 

 

2.5.1 Temperature 

 

Surface water temperatures along the AMT range from approximately 14 ºC in the 

higher latitudes to 26 ºC in the subtropics and around the equator (Fig. 2.3). There are 

clear temperature differences in the northern tropics and sub-tropics (10 to 35 ºN) 

between AMT-12 and 14 and AMT-13 and 15. Although surface temperatures are 

similar at these latitudes between cruises, the difference in cruise tracks is reflected in 

the depth of the thermocline. In the northwest African upwelling region (between 15 

and 22 ºN), sampled on AMT-13 and 15, the thermocline shoaled to approximately 50 

metres. Farther northwards on these cruises, as sampling stations were located farther 

from the coast, the thermocline deepened. In the northern gyre between 10 to 35 ºN 
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during AMT-12 and 14, warmer waters extended deeper in the water column than in 

the upwelling region. In the southern gyre, there was a clearly defined sharp 

thermocline; however the decrease in temperature with increasing depth was more 

gradual in the NAG and warmer waters extended deeper in the water column (Fig. 2.3). 

 

Seasonal differences in water temperature were evident in the higher latitude northern 

and southern ends of the transects. Surface waters north of 40 ºN were warmer in 

autumn (AMT-13 and 15) compared to spring (AMT-12 and 14) as increased solar 

radiation during summer promoted stratification and increased water temperatures. In 

the austral spring, despite a difference in cruise track between AMT-13 and AMT-15, a 

sharp horizontal front was observed around 30 ºS during both cruises. This front was 

absent or less distinct in the austral autumn, with warmer surface waters in the 

southern temperate regions (Fig. 2.3).  Surface water temperatures in the southern 

temperate regions were also slightly higher during autumn 2004 (13 – 15 ºC; AMT-14) 

compared to similar latitudes in autumn 2003 (9 – 11 ºC; AMT-12). AMT-14 started 12 

days earlier in the year than AMT-12, and this is reflected in the stratification of surface 

waters in the southern high latitudes during AMT-14 indicated by the higher 

temperatures relative to AMT-12. 

 

2.5.2 Salinity 

 

The deepening of the thermocline in the northern and southern oligotrophic gyres is 

also associated with a deepening of the halocline producing a w-shaped distribution 

along the transects (Fig. 2.4). The highest salinities of 37.1 PSU, were located between 

20 and 100 m in both the northern and southern gyres. Higher salinities extended 

deeper into the water column in the northern gyre compared to the southern gyre.  

 

The difference in cruise tracks between the gyre cruises and the upwelling cruises is 

also reflected in the salinity profiles in the northern tropics and sub-tropics with lower 

salinity water sampled during the upwelling cruises (AMT-13 and 15) compared to the 

gyre cruises (AMT-12 and 14). As was observed in the thermocline depth, there is also 

a shoaling of the halocline around the equator. The decreased salinity observed in 

surface waters between the equator and 10 ºN during the boreal autumn (AMT-13 and 

15) compared to spring (AMT-12 and 14) is due to inputs of freshwater originating from 

the Amazon, carried by the NECC (Fig. 2.4; Robinson et al., 2006) 
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Figure 2.3: Temperatures (ºC) in the upper 300 m of the water column along 4 consecutive AMT transects. The gyre cruises, AMT-12 

and 14 were in the boreal spring and the upwelling cruises, AMT-13 and 15 were in the austral spring. 

 AMT-12 AMT-13 

AMT-14 AMT-15 
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AMT-12 

AMT-14 

AMT-13 

AMT-15 

Figure 2.4: Salinity (PSU) in the upper 300 m of the water column along 4 consecutive AMT transects. The gyre cruises, AMT-12 

and 14 were in the boreal spring and the upwelling cruises, AMT-13 and 15 were in the austral spring. 
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2.5.3 Density 

 

Density is a function of temperature and salinity, however, differences are observed 

between the density profiles and the profiles of the determining factors along all four 

AMT cruises (Fig. 2.5). The high temperature of surface waters around the equator 

result in the lowest density water along the transects (23 -24) despite a higher salinity 

in this region compared to the subtropical gyres. Shoaling of the pycnocline in the 

northwest African upwelling region during AMT-13 and 15 is also more pronounced 

than shoaling of the halocline.  

 

2.5.4 Inorganic nutrients (NO3 +NO2) 

 

The total concentration of nitrate and nitrite in surface waters of the Atlantic gyres is 

typically below 0.1 µM. These low-nutrient waters can extend to depths of greater than 

100 m in the southern gyre (AMT-14 and 15; Fig. 2.6). Downwelling effects of the 

gyres, preventing mixing with deep, nutrient-rich waters can be seen down to 300 m 

where the concentration of nitrate and nitrite rarely exceeded 15 µM. Higher 

concentrations, reaching 30 µM in the equatorial region and 20 µM in the southern 

temperate region were observed at a similar depth of 300 m. Upwelling of nutrient-rich, 

deeper waters is apparent by the maintenance of concentrations exceeding 15 µM at 

depths of around 100 m in the equatorial, southern temperate and the NW African 

upwelling region around 18 ºN (AMT-13 and 15; Fig. 2.6).  

 

Seasonal differences in nutrient concentrations are emphasised in the southern 

temperate region along the AMT transect with higher nitrate and nitrite concentrations 

in the austral autumn (AMT-12 and 14) compared to spring (AMT-13 and 15; Fig.2.6).  

 

2.5.5 Chlorophyll-a 

 

The northern and southern gyre regions contain very low surface chlorophyll-a 

concentrations (< 0.1 mg.m-3), as determined fluorometric measurements (Fig. 2.7). 

Vertical distributions of chlorophyll-a along the transects show a sub-surface 

chlorophyll maximum located deeper in the NAG and SAG of between 0.1 and 0.2 

mg.m-3 (up to 180 m) and shoaling to approximately 80 m around the EQ and towards 

higher latitudes. This w-shaped distribution of the deep chlorophyll maximum (DCM) 

corresponds to the lower boundary of warmer, high salinity waters in the gyres and the 

equator and is co-located with the depth of the nitracline (Fig. 2.3, 2.4 and 2.6).  
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Higher chlorophyll concentrations were found in the northwest African upwelling and in 

the northern and southern temperate regions with peak concentrations located in the 

upper 50 to 80 m of the water column. Spring blooms of phytoplankton were identified 

by generally higher chlorophyll-a concentrations in the temperate regions compared to 

autumn (Fig. 2.7).
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 Figure 2.5: Water density (Sigma-t) in the upper 300 m of the water column along 4 consecutive AMT transects. The gyre cruises, 

AMT-12 and 14 were in the boreal spring and the upwelling cruises, AMT-13 and 15 were in the austral spring. 

 AMT-12 AMT-13 

AMT-14 AMT-15 
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Figure 2.6: Concentration of nitrate + nitrite (µM) in the upper 300 m of the water column along 4 consecutive AMT transects. The 

dotted white lines are the 0.1 µM contours and the solid black lines represent the 1 µM contours. The gyre cruises, AMT-12 and 14 

were in the boreal spring and the upwelling cruises, AMT-13 and 15 were in the austral spring. 

 AMT-12 AMT-13 

AMT-14 AMT-15 
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Figure 2.7: Chlorophyll-a concentrations (mg.m-3) in the upper 200 m of the water column along 4 consecutive AMT transects. The 

gyre cruises, AMT-12 and 14 were in the boreal spring and the upwelling cruises, AMT-13 and 15 were in the austral spring. Note the 

different scale used for AMT-12 and 14 shown on the left compared to AMT-13 and 15 shown on the right. 

 AMT-12 AMT-13 

AMT-14 AMT-15 
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Chapter 3 

 

Bacterioplankton abundance and distribution in the Atlantic Ocean and the Scotia Sea 

 

3.1. Introduction 

 

In the euphotic zone of oligotrophic waters the small cyanobacterium, Prochlorococcus is 

abundant and numerically dominates the phytoplankton (Buck et al., 1996; Campbell and 

Vaulot, 1993; Chisholm et al., 1988). In 1994 Li reported that Prochlorococcus were 

responsible for between 11 and 57 % of the total primary production. Synechococcus are 

also present although considerably less abundant in the oligotrophic gyres than in more 

mesotrophic waters (Dandonneau et al., 2004; Zubkov et al., 1998, 2000). It is important to 

note that the group of cells referred to as Synechococcus in this and other published work 

may include several species (Honda et al., 1999) although are unlikely to contain any other 

phycoerythrin-containing cells such as Synechocystis (Sherry and Wood, 2001) and 

Cyanothece (Zehr et al., 2001) due to the larger size of these other cells (Neveux et al., 

1999).  

 

Phototrophic cyanobacteria such as Prochlorococcus and Synechococcus can be easily 

identified by flow cytometry and as such were chosen along with the heterotrophic bacteria 

to investigate temporal and spatial variability in the Atlantic Ocean.  

 

Zubkov et al. (1998 and 2000) reported seasonal and spatial variability in the picoplankton 

community along an Atlantic Meridional Transect (AMT) between 1996 and 1997. Data 

presented here were collected during five further AMT cruises between 1998 and 2004 

and a British Antarctic Survey (BAS) cruise in the Scotia Sea in the austral summer of 

2003. The aims of this study are to examine the spatial and temporal distribution and 

abundance of bacterioplankton along several AMT transects. In addition, data from a 

cruise in the Scotia Sea have also been included as an extension of the AMT transect into 

cooler more nutrient rich waters to the South. The hypothesis to be tested is that variations 

in the abundances of different groups of prokaryotes along the AMT transect and in the 

Scotia Sea are sufficient to identify different regions, harbouring characteristic 

communities. 
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3.2. Methods 

 

3.2.1 Sample collection 

 

Samples were collected during five AMT cruises (AMT-6, 12, 13, 14 and 15) and a cruise 

in the Scotia Sea (JR82) as described in chapter 2. The cruise tracks are shown in 

chapters 2 and 4.  

 

Samples were collected from 5-9 depths at 27 stations on AMT-6; 10-12 depths at 35 

stations on AMT-12; 12 depths at 25 stations on AMT-13; 12-24 depths at 37 stations on 

AMT-14; 6-24 depths at 43 stations on AMT-15 and 8-11 depths at 21 stations on JR82 

(Figs. 4.2 and 4.3). The majority of samples from AMT-12 and 13 were collected pre-dawn, 

however some samples from AMT-14 and 15 and all the samples from AMT-6 were 

collected at approximately 11 am local time. Samples from JR82 were collected at various 

times throughout the day.  

 

Sub-samples for flow cytometry were fixed using paraformaldehyde (1 % final 

concentration on AMT-12, 13, 14, 15 and JR82) or glutaraldehyde (1% final concentration 

on AMT-6) within an hour of collection and stored at 4 ºC overnight before freezing at -80 

ºC (AMT-12, 13, 14, 15 and JR82) or -20 ºC (AMT-6) until analysed post-cruise. In order to 

examine the effects of freezing on cells, flow cytometry was also performed daily on board 

the ship during AMT-14. Duplicate sub-samples were fixed within an hour of collection and 

analysed the same day. Nutrient concentrations (nitrate plus nitrite) were measured 

according to Woodward and Rees (2001) as described in chapter 2.  

 

3.2.2 Flow Cytometry 

 

Bacterioplankton including phototrophic cyanobacteria were enumerated using flow 

cytometry (FACSort, Beckton Dickinson, Oxford, U.K.). The flow rate was calculated by 

adding a known concentration of 0.5 µm yellow-green fluorescent latex beads 

(Polysciences, Eppelheim, Germany) as an internal standard. Bead concentrations were 

measured by counting the number of beads analysed on the flow cytometer during five 

different time points (between 1 and 5 minutes) and dividing this by the volume of bead 
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solution analysed (measured by the difference in weight before and after analysis). Flow 

cytometry data was processed using CellQuest software (Beckton Dickinson, Oxford, U.K). 

 

In samples from the AMT cruises, two groups of picophytoplankton (Prochlorococcus spp.; 

Pro and Synechococcus spp.; Syn) were identified by their characteristic autofluorescence 

(Fig. 3.1; Olson et al., 1993). Pro cells were separated into surface and deep populations 

according to differences in autofluorescence and side scattering properties of the two 

populations (Fig. 3.2; Partensky et al., 1996).  

 

Several groups (up to four) of picophytoplankton were visualised based on chlorophyll 

autofluorescence in samples from the JR82 cruise (Fig. 3.1). Pro was absent or at a 

concentration below detection by flow cytometry in all the samples from this cruise, 

however a few Syn cells were observed in some samples. As there were only a small 

number of Syn and the remaining groups of picophytoplankton were unidentified, cell 

numbers from all the picophytoplankton groups from the JR82 cruise were combined to 

give a total picophytoplankton estimate.  

 

Another sub-sample was stained with the nucleic acid stain SYBR Green I, enabling the 

visualisation of all bacterioplankton (Marie et al., 1997). In the majority of AMT samples, 

Prochlorococcus and Synechococcus could be easily separated from the remaining 

stained bacteria due to their autofluorescence and side scatter properties; subtraction of 

these groups from the total number of stained cells enabled the enumeration of 

heterotrophic bacteria. 
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Figure 3.1: Typical density plots produced by flow cytometry from samples taken from 

AMT cruises (a and b) and from JR82 (c and d). Arrows indicate the position of beads 

added to samples as an internal standard and the cell groups identified with similar 

properties.  

 

a: SYBR Green stained sample b: Unstained AMT sample showing both  

    (typical AMT sample)  Synechococcus and Prochlorococcus 

 
 

 

c: SYBR Green stained sample (JR82) d: Unstained sample from JR82 
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In some samples from the upper water column, Prochlorococcus cells contained too little 

chlorophyll to be detected by autofluorescence emission (Fig. 3.2a) thus the concentration 

was estimated using SYBR Green I stained samples. The side scatter of Prochlorococcus 

is greater than the HB in deeper water and appears as a separate population on a side 

scatter versus SYBR Green I fluorescence plot (Fig. 3.2b). However, further up in the 

water column, the side scatter decreases and the population is co-located with HB (Fig. 

3.2c). Previous studies have estimated the abundance of Prochlorococcus in surface 

waters by either counting only the cells with detectable chlorophyll fluorescence emission 

thus underestimating the population or by counting stained Prochlorococcus cells along 

with the heterotrophic bacteria that have a similar flow cytometry signature, thus 

overestimating the population (Zubkov et al., 2000).  

 

For the purpose of this study, an alternative method for estimating the abundance of 

Prochlorococcus with low chlorophyll-a fluorescence was used. This method assumes a 

constant ratio between the number of heterotrophic bacteria occurring within a defined 

region on the flow cytometry plots and the total number of HB. The number of 

heterotrophic bacteria co-located with Prochlorococcus in SYBR Green I stained samples 

was estimated and subtracted from the number of total events counted in this region. The 

number of HB in this region was calculated as a percentage of the total HB in deeper 

samples where Prochlorococcus was either not present or could be separated based on 

higher side scatter or autofluorescence. This percentage of the total HB was then used to 

estimate the numbers of HB that would be co-located with Prochlorococcus on a flow 

cytometry plot in surface samples.  
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Figure 3.2: Flow cytometry dotplots showing both chlorophyll autofluorescence in 

unstained samples (a - c) and SYBR Green I stained samples (d – f) in the southern gyre. 

At 100 m, deep Prochlorococcus (Pro) are visualised in unstained samples (a) and appear 

as a distinct population in stained samples (d). At 70 m, both surface and deep Pro are 

seen in unstained samples (b) and remain distinct from the heterotrophic bacteria (HB) in 

stained samples (e). Near the surface at 4 m, the deep Pro population is absent from the 

unstained samples and only part of the surface Pro population is visible above the 

counting threshold (c). In the corresponding stained sample, the Pro are co-located with 

the HB (f). 
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3.3. Results  

 

3.3.1 Physical and chemical properties of the Atlantic Ocean 

 

Isopycnals followed a w-shaped distribution along the AMT, deepening towards the centre 

of both oligotrophic gyres and shoaling in higher latitude temperate waters and at the 

equator where there was a steep vertical pycnocline (Fig. 3.3). The SAG was not sampled 

during AMT-6, therefore there was no deepening of the pycnocline at subtropical latitudes. 

The pycnocline shoaled around 15 to 25ºN during AMT-13 and 15, this again reflects a 

difference in cruise track, sampling the Mauritanian upwelling region closer to the NW 

coast of Africa during these cruises (Fig. 4.2). Seasonal variability is observed in the SAG, 

with a deeper surface mixed layer during the austral spring (AMT-13 and 15) compared to 

the austral autumn (AMT-12 and 14).  

 

The depth of the nitracline (defined as 50 nM nitrate + nitrite) followed a similar pattern to 

the pycnocline, deepening in the gyres and shoaling at the equator (Fig. 3.3). However, 

the nitracline depth differed considerably between some adjacent stations. The nitracline 

only exceeded 50 m at one station in the NAG on AMT-14 in contrast to AMT-12, 13 and 

15 and the SAG on all four cruises, where deeper nitraclines were observed at the majority 

of stations.  

 

3.3.2 Cell loss due to freezing  

 

The concentration of cells in samples that were frozen prior to flow cytometric analysis 

significantly correlated with the concentration in samples that were not frozen for all three 

cell groups (p < 0.001). A higher concentration was measured in a few of the frozen 

samples compared to the concentration measured in unfrozen samples measured on the 

day of collection for all cell groups (Fig. 3.4). However, freezing had a detrimental effect on 

cell concentration for the majority of samples with most of the data lying below the 1:1 ratio 

line. Linear regressions of all the samples show that following freezing and storage at -80 

ºC, 21 % of HB, 30 % of Prochlorococcus and 20 % of Synechococcus cells were lost (Fig. 

3.4). 
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Figure 3.3: Water density (Sigma-t), 50 nM nitracline depth (solid black line) and location of samples (black dots) during AMT cruises. 

Latitude oS to oN 

Latitude oS to oN 

AMT-6 AMT-12 
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AMT-15 

AMT-14 

Latitude oS to oN 
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Figure 3.4: Linear regressions between the concentrations of cells measured by flow 

cytometry on frozen (y) and unfrozen samples (x) during AMT-14. The equation relating 

the two measurements is shown on each graph along with the r2 value and the number of 

samples (n). The solid line indicates the regression and the dotted line indicates a 1:1 

relationship. 

a. Heterotrophic bacteria    b. Prochlorococcus 

    
    c. Synechococcus 

  
 

 

 

 

n = 560 
n = 556 

n = 544 



 45 

3.3.3 Vertical distribution of bacterioplankton 

 

Heterotrophic bacteria 

 

The vertical distribution of heterotrophic bacteria (HB) in the water column was similar in 

the equatorial upwelling (EQ), the southern temperate region (ST) and the Scotia Sea (Sc) 

with a high abundance above the nitracline in the surface mixed waters (up to 50 m). The 

concentration of HB then decreased rapidly with increasing depth and corresponds to a 

sharp pycnocline in these provinces (Fig. 3.5). Stations sampled in the Scotia Sea on the 

JR82 cruise were located close to stations in the ST during AMT-14 however, the 

abundance of HB in surface waters was higher in the Sc than in the ST (3.5 x 106 cells.mL-

1 compared to 1.4 x 106 cells.ml-1).  

 

Despite similar physical and chemical properties of the water column in the NT compared 

to the ST, the distribution of HB differed with an increase in cell concentration below the 

nitracline and the surface mixed layer at 60 to 70 m. There was also less light penetration 

into deeper waters (> 25 m) compared to other provinces.  

 

In both the southern (SAG) and northern (NAG) gyres, the upper 110 to 120 m of the water 

column had high light penetration and low nitrate concentrations. In the SAG, a clearly 

defined mixed layer to approx. 100 m could be identified at all stations, this was similar at 

some stations in the NAG, however at certain stations in this province, no clear mixed 

layer could be identified (Fig. 3.5). Despite the differences in density profiles between the 

two gyres, the vertical distribution of HB was similar. Cell concentrations were either 

relatively stable above the nitracline (SAG) or exhibited a slight increase with depth 

towards the depth of the nitracline (NAG) followed by a decrease below the nitracline in 

both gyres (Fig. 3.5). 

 

Prochlorococcus 

 

A similar vertical distribution of Prochlorococcus (Pro) was found in the EQ, the ST and the 

NT with a high concentration in the surface waters followed by a decrease below the 

shallow nitracline (Fig. 3.6). In the EQ, the SAG and the NAG, both the surface and deep 

populations of Pro were identified using flow cytometry whereas in the temperate  
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Figure 3.5: Typical vertical profiles of heterotrophic bacterial abundance (HB; red circles), density (solid black lines) and 

photosynthetically available radiation (PAR; blue lines) in different provinces along AMT-14 and in the Scotia Sea (Sc). The 

dashed lines on the AMT-14 graphs indicate the depth of the nitracline. Note the different scales used for HB. 

 EQ        SAG             NAG         ST 

    
     NT         Sc 
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Figure 3.6: Typical vertical profiles of surface (open circles) and deep (solid circles) Prochlorococcus (Pro) abundance, 

density (solid black lines) and photosynthetically available radiation (PAR; blue lines) in different provinces along AMT-14. 

The dashed lines indicate the depth of the nitracline. Note the different scales used for Pro abundance. 

   EQ        SAG             NAG   

   
     
     ST       NT 
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provinces, the flow cytometry signature of the Pro population did not change with depth.  In 

the gyres, surface Pro contained very low and relatively constant amounts of chlorophyll 

with only a slight increase towards the deepest part of their range. In contrast, the deep 

Pro population possessed considerably higher average chlorophyll content per cell and 

this increased with increasing depth (Fig. 3.7). 

 

Figure 3.7: Vertical profile of average Prochlorococcus abundance (a) and cellular 

chlorophyll content (b) at a typical station in the southern Atlantic gyre. 

a. 

 
 b. 
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In both the SAG and the NAG there was a sub-surface Pro maximum cell concentration 

typically located between 100 and 150 m. This peak in Pro abundance often exceeded 

thrice the surface concentration and was entirely comprised of the surface Pro population 

as determined by the flow cytometry signature. Below this sub-surface Pro abundance 

maximum, the cell concentration decreased and the deep Pro dominated at light levels of 

less than 1 % of the surface irradiation (Figs. 3.6 and 3.7).  

 

Synechococcus 

 

The distribution of Synechococcus (Syn) in the water column was similar to that of 

Prochlorococcus (Pro) in the equatorial upwelling (EQ), the southern (ST) and the northern 

temperate (NT) regions with a high concentration above the nitracline and a decrease with 

depth below. However, in the SAG and the NAG, Syn did not extend as deep in the water 

column as the Pro and either the concentration was very low or the cells were absent 

below the nitracline (Fig. 3.8). 

 

Total picophytoplankton in the Scotia Sea 

 

The vertical distribution of picophytoplankton followed a similar pattern to the distribution of 

heterotrophic bacteria in the Scotia Sea. High concentrations in excess of 4 x 103 cells.mL-

1 were found in the shallow surface layers and the concentration then decreased sharply 

with depth following the sharp pycnocline (Fig. 3.9). The picophytoplankton community in 

this region was mainly comprised of picoeukaryotes rather than prokaryotes as determined 

by the flow cytometry signature.  
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Figure 3.8: Typical vertical profiles of Syn abundance (solid circles), density (solid black lines) and photosynthetically 

available radiation (PAR; blue lines) as a percentage of the surface PAR in different provinces along AMT-14. The dashed 

lines indicate the depth of the nitracline. Note the different scales used for Syn abundance. 

   EQ        SAG             NAG 

   
           ST     NT 
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Figure 3.9: Typical vertical profiles of total phytoplankton abundance and density (sigma-t) 

in the offshore region of the Scotia Sea. 

 
 

 

3.3.4 Picoplankton abundance and distribution on cruises AMT-6, 12, 13, 14 and 15. 

 

Heterotrophic bacteria 

 

Heterotrophic bacteria (HB) were most abundant in the surface 20 m of the water column 

around the equator and at high latitudes (> 35º) at the southern and northern ends of the 

transect on all cruises (Fig. 3.10). During AMT-6, 13 and 15, surface waters in the 

upwelling region around 15 to 25 ºN also contained high numbers of HB (1.2 to 2.0 x 106 

cells mL-1). In contrast, stations at similar latitudes on AMT-12 and 14 were located closer 

to the centre of the NAG (Fig. 4.2) and contained fewer heterotrophic bacteria (0.74 to 

0.89 x 106 cells mL-1 during AMT-12 and 0.47 to 0.55 x 106 cells mL-1 during AMT-14).  In 

surface waters south of the equator during AMT-6, HB were also abundant.  

 

The distribution of different heterotrophic bacterial (HB) cell sizes and cellular DNA content 

were examined during AMT-14. The average DNA content of HB cells varied by almost a 

factor of 2 both horizontally and vertically along the transect (Fig. 3.11). Cells located in 

deeper waters generally had a higher DNA content than cells in the upper 100 m of the 

water column. Unlike HB abundance, the DNA content of cells was higher in the SAG than 

in the NAG. There was also a difference in the temperate, high latitude ends of the 

transect with a higher cellular DNA content in the ST than the NT (Fig. 3.11). 

Picophytoplankton 
Sigma-t 
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Figure 3.10: Concentration of heterotrophic bacteria x 106 cells mL-1 during AMT cruises. 
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Figure 3.11: Average cellular DNA content of HB during AMT-14 (relative units). 

SYBR Green I fluorescence values were calibrated using standard reference 

fluorescent beads. 

 
 

Figure 3.12: Average cell diameter of HB during AMT-14 (µm). Cell diameters 

were calculated using side scatter values obtained from flow cytometry as 

described in chapter 4. 

 
 

 

Despite the large differences in DNA content, cell size distribution did not follow the same 

pattern. Cell diameters varied little both horizontally and vertically during AMT-14 and the 

largest cells did not have the greatest DNA content. However, as for DNA content, cell size 

generally increased with depth (Fig. 3.12). 
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Figure 3.13: Prochlorococcus concentration x 105 cells mL-1 during AMT cruises. 
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Prochlorococcus 

 

Prochlorococcus (Pro) numerically dominated the picophytoplankton over the majority of 

the transect with the peak abundance on all cruises (1.75 to 2.5 x 105 cells mL-1) located in 

the upper 40 m of the water column around the equator (Fig. 3.13). Cells extended deeper 

in the water column in the oligotrophic gyres than at the equator or at high latitudes (150 to 

200 m in the gyres compared to 50 to 100 m at the equator and high latitude regions), 

following a similar latitudinal pattern to the pycnocline and the nitracline. Approximately 70 

to 75 % of total Pro cells were located above the nitracline and there was a steady decline 

in cell concentration with depth below the nitracline. 

 

As already stated, the two Prochlorococcus populations have different cellular contents of 

chlorophyll as determined by relative fluorescence measurements obtained from flow 

cytometry. However, the horizontal distribution of cellular fluorescence along the AMT 

transect shows little variance in the surface 50 m. Greater diversity in cellular chlorophyll 

fluorescence was observed in deeper waters with the highest values located between 150 

and 200 m in the SAG between 20 and 30 ºS (Fig. 3.14). 

 

Figure 3.14: Average chlorophyll fluorescence per Prochlorococcus cell during 

AMT-14. Fluorescence values were calibrated using standard reference fluorescent 

beads. 
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Figure 3.15: Log. Synechococcus concentration x 103 cells mL-1 during AMT cruises. Note the different 
scale used for AMT-12, all other cruises are plotted on the same scale. 

AMT-15 

AMT-13 

AMT-6 AMT-12 

AMT-14 
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Synechococcus 

 

Synechococcus (Syn) concentrations exceeded 104 cells mL-1 in the surface 50 m of 

the water column at low latitudes around the equator and again at high latitudes (> 20º) 

where high concentrations extended deeper in the water column. Low concentrations 

of Syn (< 2.0 x 103 cells mL-1) were measured over the remainder of the transect on 

AMT-12 and 14. However, during AMT-6, 13 and 15 in the Mauritanian upwelling 

region, centred around 20º N, high abundance in surface waters was measured (> 1.2 

x 105 cells mL-1 during AMT-6; > 2.0 x 104 cells mL-1 during AMT-13 and > 5.0 x 104 

cells mL-1 during AMT-15), comparable to that measured in the high latitude temperate 

regions (Fig. 3.15).  

 

3.3.5 Picoplankton abundance and distribution in the Scotia Sea 

 

Heterotrophic bacteria 

 

In the Scotia Sea, the concentration of heterotrophic bacteria (HB) decreased with 

increasing latitude. The vertical and horizontal distribution averaged along two 

transects, one to the south west (A) and one to the south east (B) of S. Georgia are 

shown in Figure 3.16. The location of the transects used to plot these data is shown in 

Figure 2.10. The highest concentration of HB (2 x 106 cells.mL-1) was found in the 

surface 25 m at the northern end of both transects, close to S. Georgia. The distribution 

of HB along transect A followed the shape of the pycnocline with higher concentrations 

located north east of the SBACC around 59 ºS (Fig. 3.16a; see section 2.6.3). 

 

The influence of the SBACC on heterotrophic bacteria along transect B was not as 

distinct as along transect A; however abundances were generally higher to the north 

west of the density front at 56 ºS (Fig. 3.16b and Fig. 2.12). At the southern end of 

transect B in the south west Scotia Sea, a vertical gradient in HB abundance was found 

ranging from 0.7 x 106 cells.mL-1 at 20 m to 0.1 x 106 cells.mL-1 at 150 m.  
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Figure 3.16: Concentration of heterotrophic bacteria (x 106 cells.mL-1) in the 

Scotia Sea. Black dots indicate the location of samples analysed. 

a. Transect A 

 
 

b. Transect B 

 
 

Picophytoplankton 

 

Picophytoplankton were most abundant (in excess of 10 x 103 cells.mL-1) in surface 

waters of the northern Scotia Sea, close to S. Georgia (Fig. 3.17 a and b). This peak 

abundance is co-located with the peak abundance of heterotrophic bacteria for this 

cruise. The lowest inorganic nitrogen concentrations measured on this cruise were also 

found in this region (Fig. 2.13). 

 

In both the south west (transect A; Fig. 3.17a) and the south east (transect B; Fig. 

3.17b) Scotia Sea, picophytoplankton generally extended deeper in the water column 

than in the northern region (down to 100 m compared to 45 m). 
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Figure 3.17: Concentration of picophytoplankton (x 103 cells.mL-1) in the Scotia 

Sea. Black dots indicate the location of samples analysed. 

a. Transect A 

 

 
 

b. Transect B 

 
 

 

3.4. Discussion 

 

The vertical and horizontal distribution of picoplankton has been shown to vary 

between different regions of the Atlantic Ocean and the Scotia Sea. Some regions or 

provinces, although geographically separated from each other, exhibit similar cellular 

abundances and vertical distributions associated with similar physical and chemical 

characteristics. Picoplankton group composition and distribution in the Atlantic Ocean 

was consistent with previous studies along the AMT transect (Zubkov et al., 1998, 

2000). In general, the northern and southern oligotrophic gyres have more similar 

picoplankton abundances and vertical distribution than the more nutrient-rich upwelling 

regions near the coast of Africa and around the equator and in the northern and 
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southern temperate regions. The abundance of bacterioplankton in different provinces 

and between different cruises is analysed in more detail in chapter 4. The abundance 

of HB in the Scotia Sea was also the same order of magnitude as previously found in 

more westerly Antarctic waters, also close to the Antarctic peninsula (Pedros-Alio et al., 

2002; Vaque et al., 2002). 

 

The quantification of picoplankton cell losses due to freezing prior to flow cytometric 

analysis has, to the author’s knowledge, only been published for prochlorophytes 

(Olsen et al., 1990). Flow cytometric analysis of picoplankton is often carried out post-

cruise on previously frozen samples therefore; the group specific cell loss values 

presented here are important measurements that can be used to estimate in situ 

concentrations.  

 

It would be expected that cell size varies with genome size and consequently DNA 

content (Velduis et al., 1997) (Veldhuis and Kraay, 2004) however, this was not the 

case for the heterotrophic bacteria. Several nucleic acid stains, including SYBR Green 

I, have been used previously to estimate cellular DNA content (Button and Robertson, 

2001; Li et al., 1995; Marie et al., 1997). The difference in cell size distribution and 

DNA content may be due to a change in bacterioplankton community composition with 

a higher contribution of species with larger genome sizes in deeper waters. There may 

also be species specific staining, with some cells taking up SYBR Green I more than 

others, regardless of genome size. The stain may also bind to RNA and single 

stranded DNA, although it has lower binding affinities for these compared to double 

stranded DNA (Haugland, 1992). 

 

Both Prochlorococcus and heterotrophic bacteria abundances increased with depth 

towards the nitracline in many vertical profiles from the gyres. This has been reported 

previously in the northern Atlantic gyre (Li, 1995; Olson et al., 1990), however this is 

the first report of a similar vertical distribution in the southern Atlantic gyre. It is unlikely 

that this is due to methodological differences such as the use of SYBR Green I stained 

samples to enumerate Prochlorococcus in surface waters. If not all the 

Prochlorococcus  were stained, numbers in surface waters would be underestimated 

and as the abundance of heterotrophic bacteria is determined after subtraction of the 

phototrophic bacteria, an underestimation of Prochlorococcus abundance in surface 

waters would result in an overestimation of heterotrophic bacteria. However, as 

heterotrophic bacteria were also more abundant in deeper samples, it is unlikely that 

this is due to differences in methodology. 



 61 

 

Prochlorococcus extended deeper in the water column than Synechococcus in the 

gyres, this has been widely reported, for example, in Atlantic Ocean oligotrophic waters 

in the Sargasso Sea (DuRand et al., 2001) and the Northeast Atlantic Ocean 

(Partensky et al., 1996). The abundance and appearance of the deep population of 

Prochlorococcus in deeper waters highlights the adaptation of these cyanobacteria to 

grow successfully at low-light levels (Moore et al., 1995, 1998; Moore and Chisholm, 

1999). The increased red fluorescence of the deep Prochlorococcus observed by flow 

cytometry indicates a higher cellular chlorophyll content compared to the surface 

Prochlorococcus. Similar vertical profiles of Prochlorococcus chlorophyll content were 

obtained using HPLC pigment analysis in the Northern Atlantic gyre (Veldhuis and 

Kraay, 2004). The two populations are probably the previously identified high-light and 

low-light ecotypes (Moore et al., 1998) although as no molecular analysis was carried 

out in this study, this cannot be proven. 

 

The concentration of total picophytoplankton in the Scotia Sea was several orders of 

magnitude lower in both identified regions during the JR82 cruise than in any province 

on the AMT cruises. This large concentration difference can be attributed to a 

difference in phytoplankton communities observed by flow cytometry. 

Picophytoplankton at low latitudes and in the subtropics along the AMT is dominated by 

small prokaryotic cells, mainly Prochlorococcus and Synechococcus, in contrast, in the 

Scotia Sea on JR82, no Prochlorococcus and very few Synechococcus were observed. 

Instead, the picophytoplankton community in the Scotia Sea consisted of groups of 

larger phytoplankton (as indicated by their larger side scatter), probably 

picoeukaryotes.  

 

The data presented here have enabled further characterisation of the Atlantic Ocean 

and Scotia Sea picoplankton abundance and distribution over large spatial and 

temporal scales. The hypotheses proposed that the abundance and distribution of 

prokaryotes varies both horizontally and vertically has been proved enabling the 

characterisation of different regions of the Atlantic Ocean and the Scotia Sea. 
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Chapter 4 

 

Bacterioplankton standing stocks in oligotrophic gyre and equatorial provinces of the 

Atlantic Ocean: Evaluation of inter-annual variability 

 

4.1. Introduction 

 

For many years, the oligotrophic ocean gyres were considered to be stable, steady-

state environments (Karl, 1999). However, in recent years, temporal variability in 

physical and biological parameters including the picoplankton has been reported at 

fixed stations in the North Pacific and North Atlantic oligotrophic gyres (Karl et al., 

2001; Karl and Lukas, 1996; DuRand et al., 2001; Carlson et al., 1996) and on across-

gyre cruises (Maranon et al., 2003). Since the area and boundaries of the gyres 

change seasonally and inter-annually (McClain et al., 2004), geographically fixed time 

series stations in gyres will not remain fixed in their position within the gyre, i.e. they 

will be located closer or farther away from the gyre boundaries as these move in time. 

In order to resolve gyre boundaries and to gain average abundance and biomass 

values for these provinces, (i.e. more robust estimates of basin scale temporal 

changes) sampling across the gyres and at several points in time would be required. 

Due to the extensive area covered by oligotrophic gyres, few studies have examined 

spatial variability in bacterioplankton abundance across these regions (e.g. in the 

Atlantic, Li, 1995; Buck et al., 1996; Zubkov et al., 1998, 2000). Sampling along such 

transects is often only carried out once or over short time-scales, resulting in a lack of 

knowledge regarding inter-annual variability in oceanic provinces (Longhurst, 1995). 

 

Typical physical properties of the water column in oligotrophic gyres include a deep 

surface mixed layer. These very low nutrient surface waters are prevented from mixing 

with deeper, more nutrient rich waters due to a clearly defined pycnocline. It would be 

expected that the physical separation of these waters with differing nutrient and light 

conditions would result in different biological communities. For the purpose of this 

study, the depth of the nitracline, defined as 50 nM, was therefore chosen as the depth 

for integration of data in order to study the community and abundance of 

bacterioplankton in the oligotrophic surface mixed layer. Comparison is also made 

between these surface mixed layer communities and the entire photic zone using data 

integrated to 200 m. 
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The aims of this study are to examine spatial and temporal (including inter-annual) 

variability of bacterioplankton in three oceanic provinces, the Northern Gyre (NAG), 

Southern Gyre (SAG) and Equatorial region (EQ). The hypothesis to be tested is that 

bacterioplankton standing stocks do not vary significantly inter-annually or seasonally 

in the NAG and the SAG. The minimum number and frequency of stations required to 

characterise the prokaryotic plankton standing stocks at the province scale was also 

investigated. Bacterioplankton standing stocks of the Atlantic oligotrophic gyres were 

the major focus of this work, however, the equatorial region separating the oligotrophic 

gyres in the northern and southern hemispheres was included as a comparison to more 

nutrient-rich waters containing similar communities. Average bacterioplankton 

abundances and biomass were also compared between northern and southern 

temperate waters and in the Scotia Sea. 

 

4.2 Methods 

 

4.2.1 Cell size and biomass calculations 

 

The mean value of side scatter measured by flow cytometry for each identified group of 

picophytoplankton was converted into a ratio to the mean side scatter of fluorescent 

reference beads in each sample for calibration of the instrument. Cell size estimates for 

each bacterioplankton group determined previously using a size fractionation method 

(Zubkov et al., 1998) were used in conjunction with the side scatter values to estimate 

biomass. These mean diameters were 0.63 µm for all Prochlorococcus, 0.95 µm for 

Synechococcus and 0.46 µm for heterotrophic bacteria. The mean side scatter value 

(s) for each prokaryotic group was calculated using all samples from AMT-12, 13 and 

14. The mean cell diameter (d) reported previously for each bacterioplankton group 

(Zubkov et al., 1998) was then related to this calculated mean side scatter using non-

linear regression as illustrated in Figure 4.1. The relationship between cell diameter 

and side scatter is described by the equation; d = 1.49.s0.41 (r2 = 0.99; p < 0.05; n = 4).  

 

Cell volumes, computed from diameters assuming spherical cell shape, were converted 

into biomass using a conversion factor of 220 fg C µm-3 (Christian and Karl, 1994). 

Different bead stocks were used for AMT-12, 13, 14 and 15 cruises. In order to account 

for any variability in bead size, the calculated mean diameter of each bacterioplankton 

group was corrected using the mean side scatter of bacterioplankton at 300 m for each 

cruise and for all four cruises as it was assumed that cell size at these depths would be 

more constant. 
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4.2.2 Province analysis 

 

The bacterioplankton abundance data, measured by flow cytometry and presented in 

chapter 3 was further analysed in this chapter to define provinces. Mean cell 

concentrations of Prochlorococcus, Synechococcus, total picophytoplankton and 

heterotrophic bacteria above the nitracline (or above 200 m for cruise JR82) were used 

to group the stations into oceanic provinces using Bray-Curtis similarity tests followed 

by hierarchical agglomerative cluster analysis (Clarke and Warwick, 2001) performed 

with PRIMER 5 software (PRIMER-E Ltd., Plymouth, U.K.). Stations with at least 90 % 

similarity were grouped together.  

 

4.2.3 Data analysis 

 

Data from cruises AMT-6, 12, 13, 14 and 15 were analysed along with data collected in 

previous years from cruises AMT-3 and 4 (Zubkov et al., 1998; 2000). Cell 

concentrations and biomass values were depth-integrated from the surface to the start 

of the nitracline. Mean cell concentrations were calculated by dividing the depth-

integrated cell abundance by the integration depth. As the majority of stations sampled 

were in oligotrophic waters, the start of the nitracline was defined as the depth where 

the concentration of inorganic nitrogen (nitrate plus nitrite), measured as described in 

chapter 2, increased above 50 nM. Cell concentrations and biomass values were also 

Figure 4.1: Non-linear 

regression between mean 

side scatter, SSC (x) and 

cell diameter (y). The 

equation relating the two 

factors is indicated. 
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depth-integrated to 200 m to encompass the entire photic zone and to compare with 

published values.  

 

Mean integrated biomass and mean cell concentrations above the nitracline and above 

200 m for each province were compared between cruises using ANOVA followed by 

multiple pairwise comparisons performed with Tukey tests (Sigmastat 2.03). To obtain 

mean cell concentrations and integrated biomass values for each province, the data 

from different cruises were combined omitting those that were significantly different (p < 

0.05). 

 

4.3 Results 

 

4.3.1 Determination of provinces 

 

For the AMT cruises a conservative level of at least 90 % similarity between mean cell 

concentrations above the nitracline was chosen to cluster stations into provinces as 

this produced between 5 and 8 groups or individual stations using cluster analysis. 

Stations around the tropics in both N and S parts of the transect clustered together and 

stations at the southern and northern ends of the transect also clustered together. 

These clusters were divided into northern and southern parts to define provinces. 

Figure 4.2 highlights the stations that were grouped together to form provinces on 

cruises AMT-6, 12, 13, 14 and 15. Five provinces were identified; Northern temperate 

(NT), NAG, EQ, SAG and Southern temperate (ST).  

 

Stations sampled south of the EQ province during AMT-6 were located farther east 

towards the coast of Africa than on other cruises and water here was more influenced 

by coastal processes. Consequently, no data from the SAG was obtained from AMT-6. 

The southern and northern gyre provinces appear to be shifted slightly southwards 

during the boreal spring (AMT-12 and 14) compared to the boreal autumn (AMT-13 and 

15; Figs. 3.12, 3.15 and 3.17). This is consistent with earlier seasonal comparisons 

between AMT-3 and 4 (Zubkov et al, 2000).  
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Figure 4.2: Location of depth profiles analysed for bacterioplankton abundance on 

cruises AMT-6 (a), AMT-12 (b), AMT-13 (c), AMT-14 (d) and AMT-15 (e). Open circles 

represent stations within the gyre provinces, solid circles indicate the equatorial 

province stations and solid squares represent the temperate provinces. Solid triangles 

highlight the stations that were omitted from the province analysis due to their high 

degree of dissimilarity to other surrounding stations. 
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Stations in the Scotia Sea during the JR82 cruise clustered into two main groups, one 

group of stations was located mainly around S. Georgia, named the coastal region 

(JR82 C), whilst the majority of the remaining stations were located further away from 

land, named the off-shore region (JR82 O; Fig. 4.3). 
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Figure 4.3: Location of depth profiles analysed for bacterioplankton abundance 

on cruise JR82 in the Scotia Sea. Open circles represent stations within the 

coastal regions, solid circles indicate the offshore stations and the open triangle 

highlights the station that was omitted from the regional analysis due to its high 

degree of dissimilarity to other surrounding stations. 

 

 
 

 

4.3.2 Comparison of surface and average cell concentrations above the nitracline 

 

To examine the homogeneity of bacterioplankton distribution above the nitracline, 

surface abundances were compared with average values in the northern (NAG) and 

southern (SAG) Atlantic gyres and the equatorial region (EQ). Surface Synechococcus 

concentrations showed good agreement with average values above the nitracline in all 

provinces (r2 = 0.96; Fig. 4.4 and Table 4.1). However, more variability was observed 

between the surface and average concentrations of Prochlorococcus (Pro) and 

heterotrophic bacteria (HB) in the NAG and SAG (r2 values between 0.39 and 0.79). On 

closer inspection of the data from outlying stations, the majority exhibited an increase 

in Pro with an associated increase in HB in deeper waters of this surface layer, close to 

the start of the nitracline (up to 20 m above). 
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Figure 4.4: Comparisons between average cell concentrations above the nitracline and 

surface concentrations in the SAG, NAG and EQ. Depth-integrated cell numbers were 

divided by the depth of integration to obtain the average cell concentrations. The 

regression line (solid line) and the 95 % confidence intervals (dotted lines) are shown. 
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Table 4.1: Relationships (regression coefficients) between the surface and 

average concentrations above the nitracline. R2 values are shown in brackets. 

The number of stations in each province is stated (n). P-values are also 

indicated. P < 0.05 (*); p < 0.01 (**); p < 0.001 (***). 

 

Province Heterotrophic 

bacteria 

Synechococcus Prochlorococcus 

SAG (n = 18) 0.99 (0.39)* n = 28 0.90 (0.96)*** n = 41 0.98 (0.53)** n = 41 

NAG (n = 19) 1.05 (0.79)*** n = 23 0.97 (0.96)*** n = 23 1.04 (0.69)*** n = 23 

EQ (n = 16) 1.00 (0.96)*** n = 37 1.02 (0.96)*** n = 37 1.00 (0.79)*** n = 37 

 

 

4.3.3 Cell size  

 

The calculated mean diameters for each bacterioplankton group showed little variance 

between AMT cruises (Table 4.2). Mean diameters ranged from 0.91 to 0.97 µm for 

Synechococcus and 0.46 to 0.49 µm for heterotrophic bacteria. As previously reported 

(e.g. Partensky et al., 1996), two distinct populations of Prochlorococcus can be 

identified by flow cytometry, one abundant in surface waters and the other being more 

abundant in deeper waters of the photic zone. Surface Prochlorococcus have lower 

light side scatter values than the deeper population (Fig. 3.3), resulting in the 

calculated mean diameter of deep Prochlorococcus as almost double that of the 

surface population (approximately 1.0 µm compared to 0.5 µm for the surface 

population). 
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Table 4.2: Mean cell diameters with standard errors of the mean for each 

bacterioplankton group on each cruise. Surface and deep Prochlorococcus 

(Pro) populations were discriminated based on the different flow cytometry 

signatures of each group. 

 

 Mean cell diameter, µm ± S.E.M. 

Cruise Surface Pro Deep Pro Synechococcus 
Heterotrophic 

bacteria 

AMT12 0.546 ± 0.007 1.014 ± 0.016 0.939 ± 0.006 0.488 ± 0.002 

AMT13 0.551 ± 0.007 0.942 ± 0.022 0.937 ± 0.006 0.481 ± 0.001 

AMT14 0.531 ± 0.005 1.006 ± 0.019 0.905 ± 0.004 0.483 ± 0.001 

AMT15 0.495 ± 0.004 1.066 ± 0.027 0.969 ± 0.005 0.484 ± 0.001 

 

 

4.3.4 Average bacterioplankton abundances in different provinces 

 

Average abundances above the nitracline 

 

Average heterotrophic bacteria (HB), Prochlorococcus (Pro) and Synechococcus (Syn) 

concentrations above the nitracline in the northern (NAG) and southern (SAG) Atlantic 

gyres and the equatorial region (EQ) on each AMT cruise are shown in the bar charts 

in the left hand panels of Figure 4.5. The abundance of all three groups of 

bacterioplankton was similar in both the NAG and SAG provinces and was slightly 

higher in the EQ province. The concentration of HB in all provinces was consistently 

lower on AMT-3, 4 and 6 than on AMT-12, 13, 14 and 15 (with the exception of the EQ 

province during AMT-15). The data from later cruises only was used to calculate 

province average values for both abundance and integrated biomass due to differences 

in sample storage explained in more detail later. In addition, the average HB 

concentration above the nitracline during both AMT-14 and 15 was significantly lower 

(p < 0.05) in all provinces relative to AMT-12 and 13 with the exception of the EQ 

province where no significant difference was observed between AMT-13 and 14. The 

average concentration of HB was also significantly lower during AMT-15 than AMT-14 

in both the SAG and the EQ (p < 0.05).  

 

High variability in Synechococcus (Syn) concentration was observed both within 

cruises and between cruises in the NAG and EQ provinces, in particular for AMT-6 and 
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13. However, the only significant inter-cruise difference in Syn concentration above the 

nitracline was observed in the NAG province between AMT-12 and AMT-13 (p = 0.02), 

with a higher concentration observed during AMT-13. Prochlorococcus (Pro) 

concentrations were not significantly different between most cruises in the NAG and 

SAG, however, a significantly lower concentration (p < 0.02) was observed during 

AMT-15 in the SAG compared to AMT-4, 13 and 14 and was therefore not included in 

the subsequent average province estimates. There was also a significantly higher Pro 

concentration in the EQ on AMT-13 compared to AMT-4 (p <0.01).  

 

Average abundances above 200 m 

 

Cell concentrations averaged over the upper 200 m of the water column were lower for 

all bacterioplankton groups in all provinces relative to the average values above the 

nitracline (Fig. 4.6). Inter-cruise comparisons of average cell concentrations above 200 

m were similar to those found above the nitracline, with the following exceptions. The 

concentration of heterotrophic bacteria (HB) was significantly higher (p < 0.05) during 

AMT-12 than AMT-13 in both the NAG and the EQ provinces.  Synechococcus (Syn) 

concentration was also higher in the NAG during AMT-6 than AMT-12 and 14 (p < 

0.05). The only inter-cruise difference in Syn concentration in the SAG was between 

AMT-12 and 13 (p < 0.05) and the only inter-cruise difference in the EQ province was a 

higher concentration during AMT-6 relative to AMT-12 (p < 0.01). In contrast to 

average concentrations above the nitracline, Prochlorococcus (Pro) concentrations 

were not significantly different during AMT-4 and 13 in the EQ province, however there 

was a significantly higher average concentration above 200 m in the EQ province 

during AMT-6 compared to AMT-4. All other average concentrations showed no 

significant differences between cruises (Fig. 4.6).  

 

Province estimates of abundance 

 

Estimates of average bacterioplankton concentrations both above the nitracline and 

above 200 m for each province are shown in Table 4.3. The average concentration of 

heterotrophic bacteria (HB) above 200 m during the JR82 cruise was similar to the 

estimated concentration in the NAG for the coastal stations (JR82 C) however, the 

average concentration in the offshore region (JR82 O) was significantly lower than in 

any other region (p < 0.05). In contrast, the average concentration of total 

picophytoplankton in the offshore region was higher than in the coastal region, however 

due to high variability between stations, this was not statistically significant. The 
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average concentration of picophytoplankton above 200 m in both regions identified 

during JR82 is several orders of magnitude lower than the average concentration of 

Prochlorococcus and Synechococcus combined in all provinces of the AMT cruises. 

 

Average cell concentrations in the northern and southern temperate regions exhibited 

wide variation between cruises, mostly due to seasonal differences e.g. spring blooms 

of Synechococcus (Figs. 3.12, 3.15 and 3.17). Data from all AMT cruises in these 

regions were therefore combined despite significant inter-cruise differences in order to 

obtain an average combined value for autumn and spring for each region for 

comparison to other provinces. The nitracline depth was not chosen for the integration 

of data in these regions as nitrate concentrations were usually greater than 50 nM. The 

NT had a higher concentration of HB than any other province. A lower concentration of 

HB was found in the ST, more comparable to the closely located JR82C region and the 

northern and southern gyres (Table 4.3). 
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Figure 4.5: Mean cell concentrations and mean integrated biomass of heterotrophic 

bacteria (HB), Synechococcus (Syn) and Prochlorococcus (Pro) above the nitracline in 

each province during each AMT cruise. Bars indicate the standard error of the mean. 
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Figure 4.6: Mean cell concentrations and mean integrated biomass of heterotrophic 

bacteria (HB), Synechococcus (Syn) and Prochlorococcus (Pro) above 200 m in each 

province during each AMT cruise. Bars indicate the standard error of the mean. 
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Table 4.3: Average Prochlorococcus (Pro), Synechococcus (Syn) and 

heterotrophic bacteria (HB) concentrations from all statistically similar cruises 

for the North (NAG) and South Atlantic gyres (SAG) and the Equatorial region 

(EQ). Average values from the NT and the ST were calculated using all AMT 

cruises despite large inter-cruise differences (see text). Data from the JR82 

cruise are also included. Standard error of the mean is also shown (SEM). 

 

 Concentration cells mL-1 ± SEM 

 Above the nitracline Above 200 m 

Province 
HB 

x 106  

Pro 

x 105  

Syn  

x 103 

HB 

x 106  

Pro 

x 105  

Syn  

x 103 

Total 

Picophyt 
x103  

NAG 
0.84 ± 

0.04 
1.19 ± 

0.07 
4.57 ± 1.02 0.58 ± 0.03 0.72 ± 0.04 2.55 ± 0.49 - 

SAG 
0.63 ± 

0.04 
1.14 ± 

0.06 
1.73 ± 0.25 0.49 ± 0.02 0.81 ± 0.04 0.94 ± 0.11 - 

EQ 
1.08 ± 

0.07 
1.88 ± 

0.10 
13.06 ± 

2.33 
0.65 ± 0.04 0.79 ± 0.06 4.97 ± 0.96 - 

NT - - - 0.71 ± 0.17 - 
151.9 ± 

90.7 
- 

ST - - - 0.53 ± 0.14 - 
18.84 ± 

2.26 
- 

JR82 C - - - 0.57 ± 0.14 - - 
0.84 ± 

0.48 

JR82 O - - - 0.27 ± 0.05 - - 
1.22 ± 

0.65 

 

 

4.3.5 Integrated biomass in different provinces 

 

Integrated biomass estimates above the nitracline for each province on each cruise are 

shown in the right hand panels of Figure 4.5. Due to variability in the depth of the 

nitracline between AMT cruises (Fig. 3.4), mean integrated biomass values for each 

province did not follow the same trends as the mean cell concentrations, this was true 

for all bacterioplankton groups. Data were integrated over greater depths during AMT-

3, 4 and 6 resulting in integrated biomass values of NP that were more comparable 

than average concentrations on the three subsequent cruises.  
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Southern Atlantic gyre 

 

In the southern Atlantic gyre (SAG), the greatest depth of the start of the nitracline used 

for integration was similar on all cruises (approximately 135 m) however, during AMT-3, 

4 and 13 a higher proportion of stations had a deeper nitracline compared to AMT-12 

and 14. Consequently, the integrated biomass of heterotrophic bacteria (HB) was 

significantly higher on AMT-13 than AMT-12 and 14 (p ≤ 0.01). Despite integrating over 

a greater area during AMT-3 and 4, the considerably lower concentrations of HB 

measured in the SAG resulted in integrated biomass values also significantly lower (p < 

0.01) than during AMT-12, 13 and 14. As expected, similar patterns of higher mean 

integrated Prochlorococcus (Pro) and Synechococcus (Syn) biomass on AMT-3, 4 and 

13 were observed in the SAG, although there was no significant difference between all 

cruises (Fig. 4.5).  

 

The biomass of HB integrated to 200 m resulted in similar inter-cruise differences 

compared to integration above the nitracline with AMT-13 significantly higher and AMT-

3 and 4 significantly lower than all other cruises (p < 0.05; Fig. 4.6). In contrast to the 

integrated biomass above the nitracline, the integrated biomass of Pro above 200 m 

was greater in the SAG during AMT-13 and 14 than all other cruises (p < 0.05). Syn 

biomass above 200 m also differed significantly with lower values during AMT-12 than 

AMT-3, 4 and 13 (p< 0.05). 

 

Northern Atlantic gyre 

 

In the northern Atlantic gyre (NAG), the maximum depth of the nitracline was 150 m 

during AMT-12 compared with 100 m and 120 m on AMT-13 and 14 respectively. This 

was reflected in a significantly higher integrated biomass of heterotrophic bacteria (HB) 

on AMT-12 (p < 0.05) although both Prochlorococcus (Pro) and Synechococcus (Syn) 

biomass did not differ significantly. The deeper nitracline in the NAG on AMT-6 resulted 

in significantly higher integrated Syn biomass relative to all other cruises (p ≤ 0.01; Fig. 

4.5).  

 

The integrated biomass of HB above 200 m in the NAG differed more between cruises 

than the integrated biomass above the nitracline with AMT-12 and 13 significantly 

greater than all other cruises (p < 0.01; Fig. 4.5). Pro biomass above 200 m was 

significantly greater during AMT-12 than all other cruises (p < 0.05). Differences 

between integrated Syn biomass above the nitracline and above 200 m were also 
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observed in the NAG with a significantly lower biomass above 200 m during AMT-12 

than AMT-4, 6 and 13 (p < 0.05; Figs. 4.5 and 4.6). 

 

Equatorial province 

 

The only significant difference in prokaryotic plankton biomass above the nitracline in 

the equatorial province (EQ) was a higher integrated Synechococcus (Syn) biomass 

during AMT-6 compared to AMT-12 (p = 0.02). Due to a shallower nitracline in this 

province relative to the gyres, higher bacterioplankton concentrations did not 

necessarily relate to a greater integrated biomass. For example, the integrated 

biomass of heterotrophic bacteria (HB) was lower and mean concentration was higher 

in the EQ than the SAG or the NAG for all cruises (Fig. 4.4).  

 

Biomass values integrated to 200 m in the EQ also did not exhibit any inter-cruise 

differences for HB and the only difference in Syn biomass was between AMT-6 and 

AMT-12 (p = 0.03) as before. Despite no differences in Prochlorococcus (Pro) biomass 

above the nitracline, when integrated to 200 m, a greater biomass was observed during 

AMT-12 compared to AMT-4 and 6 (p < 0.05; Fig. 4.6). 

 

Province estimates of integrated biomass 

 

Combining data from all cruises produced estimates of integrated biomass for each 

province (Table 4.4). Integrated biomass of heterotrophic bacteria (HB) and 

Prochlorococcus (Pro) above the nitracline was greater in the Southern Atlantic gyre 

(SAG) than in the northern Atlantic gyre (NAG) and in the equatorial region (EQ). When 

integrated above 200 m, the biomass of HB was greatest in the EQ and lowest in the 

SAG whereas Pro biomass was greatest in the EQ and lowest in the NAG. 

Synechococcus (Syn) biomass above the nitracline was similar in both gyres and 

almost double in the EQ. Higher integrated biomass values were obtained for the upper 

200 m of the water column with a higher value in the NAG than the SAG and over 

double this in the EQ. The combined biomass of Pro and Syn above the nitracline was 

equivalent to 42 % of HB biomass in the NAG, 33 % in the SAG and 36 % in the EQ 

compared to 25 % in the NAG, 32 % in the SAG and 28 % in the EQ when data was 

integrated to 200 m. 
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Table 4.4: Integrated biomass of Prochlorococcus (Pro), Synechococcus (Syn) 

and heterotrophic bacteria (HB) from all statistically similar cruises for the North 

(NAG) and South Atlantic gyres (SAG) and the Equatorial region (EQ). Average 

values from the northern (NT) and southern (ST) temperate regions were 

calculated using all AMT cruises despite large inter-cruise differences (see 

text). Standard error of the mean is also shown (S.E.M). 

 

 Integrated biomass mg C m-2 ± S.E.M 

 Above the nitracline Above 200 m 

Province HB Pro Syn  HB Pro Syn  

NAG 460 ± 66 173 ± 21 18 ± 2 1314 ± 142 293 ± 17 30 ± 3 

SAG 618 ± 40 190 ± 14 17 ± 4 1105 ± 41 338 ± 27 20 ± 4 

EQ 480 ± 63 141 ± 15 32 ± 5 1485 ± 80 353 ± 33 69 ± 11 

NT - - - 1261 ± 215 - 194 ± 70 

ST - - - 1282 ± 378 - 308 ± 29 

 

 

4.3.6 Comparison of different sample sizes to characterise a province 

 

The extent of horizontal variance and at the province-scale was investigated in the 

southern Atlantic gyre (SAG) to determine whether twice daily sampling provided any 

further information than sampling only once a day. Samples were collected and 

analysed from pre-dawn stations and late morning stations during AMT-14. The mean 

integrated biomass of heterotrophic bacteria, Prochlorococcus and Synechococcus 

from the 7 pre-dawn stations were 600, 150 and 30 mg C m-2 respectively.  These 

values did not differ significantly from the mean integrated biomass calculated using 

the total 15 stations (t-test, p < 0.05).  

4.4 Discussion 

 

Do bacterioplankton standing stocks vary temporally? 

 

Heterotrophic bacteria 

 

A clear inter-cruise variance was observed in the concentration of heterotrophic 

bacteria (HB) with the earlier three AMT cruises between 1996 and 1998 having 
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considerably lower values than the four latter AMT cruises between 2003 and 2004. As 

no similar pattern was observed in the concentration of either Prochlorococcus (Pro) or 

Synechococcus (Syn), this difference was probably not attributable to methodological 

differences for example in the flow rates used and calculation of sample analysed by 

flow cytometry. Samples from AMT-3, 4 and 6 were stored at -20ºC prior to flow 

cytometric analysis in contrast to samples from AMT-12, 13 and 14 that were stored at 

-80ºC. It is possible that bacterioplankton populations were differentially affected by the 

different storage temperatures, i.e. Pro and Syn were more robust and suffered less 

cell loss than the HB cells of which a higher proportion may have been damaged or 

destroyed by storage at -20ºC than -80ºC. However, despite a higher concentration of 

HB during AMT-15 relative to AMT-3, 4 and 6 in the southern and northern gyres, no 

difference was observed in the equatorial region on AMT-15 compared to AMT-4 and 

6. This suggests that the variability may not be due to methodological differences in 

samples storage.  

 

During the earlier cruises, fewer depths were sampled at each station than on AMT-12, 

13, 14 and 15. The distribution of HB above the nitracline is not constant in the gyres 

and the lower average concentrations measured on the earlier cruises may be due to 

under-sampling, missing the sub-surface peak abundance (see chapter 3). However, 

the peak abundance of HB was co-located with the sub-surface Pro maximum 

abundance in all seven cruises. The deeper nitracline between 1996 and 1998 

indicates a deeper surface mixed layer and the lower abundance of bacterioplankton 

could be due to nutrient limitation. Differences observed in integrated biomass above 

the nitracline between cruises are therefore a consequence of differences in the 

nitracline depth used for integration. Variability in the depth of the nitracline across the 

transect was caused by variability in physical properties influencing mixing in the water 

column. Internal waves (McGowan and Hayward, 1978), mesoscale eddies (Mahaffey 

et al., 2004), wind-driven Ekman pumping and storm events (McGillicuddy et al., 1998) 

result in the mixing of deeper nutrient-rich water with nutrient-depleted water, thus 

making the nitracline shallower.  

 

Prochlorococcus and Synechococcus 

 

Prochlorococccus (Pro) and Synechococcus (Syn) standing stocks were found to show 

no significant temporal variation above the nitracline in the northern (NAG) and 

southern (SAG) Atlantic gyres. This appears to support the original view that the gyres 

are stable environments and less variable than has been reported previously (Karl et 
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al., 2001; Karl and Lukas, 1996; DuRand et al., 2001; Carlson et al, 1996). There were 

only three significant inter-cruise differences in Pro and Syn concentrations above the 

nitracline (i.e. Pro in the EQ between AMT-4 and 13; in the SAG between AMT-15 and 

4, 13 and 14 and Syn in the NAG between AMT-12 and 13). However, these were only 

found between the highest and lowest values. In both cases where only two cruises 

differed, the standard error of the mean was high for one of the cruises and neither 

cruises differed significantly from any of the other cruises. Many stations sampled in 

the SAG during AMT-15 were located farther east than during the other AMT cruises 

and this is probably the cause of the lower average Pro concentrations above the 

nitracline compared to the other cruises. Although there was little difference in 

temperature and salinity in the eastern side of the SAG compared to the western side 

sampled during the other cruises (Chapter 2, Figs. 2.3 and 2.4) other factors such as 

decreased light levels due to increased cloud cover, increased grazing or increased 

viral lysis could have contributed to the lower cell concentrations during AMT-15.   

 

The higher variability in Syn biomass observed above 200 m compared to above the 

nitracline in the NAG and the SAG indicates a higher variability in the lower photic zone 

below the nitracline. However, again these differences no not reflect variability in 

temperature or salinity or seasonal differences. The higher integrated biomass of Pro 

above 200 m in the NAG on AMT-12 than all other cruises indicates a proportionately 

higher contribution of deeper Pro from below the nitracline to the overall biomass 

during this cruise. The opposite was true for Syn biomass integrated over the whole 

photic zone that was significantly lower during AMT-12 compared to AMT-4, 6 and 13.  

 

Although some inter-cruise differences in integrated biomass over 200 m can be 

explained by corresponding differences in cell concentrations, some differences cannot 

and must be attributable to variability in cell size. For example, integrated 

Prochlorococcus biomass to 200 m was significantly higher in the SAG during AMT-13 

and 14 compared to all other cruises whereas the concentration above 200 m did not 

vary significantly. Picophytoplankton have been shown to undergo cell division 

approximately once a day and the diel cycle of cell growth and division has been well 

studied, especially for Prochlorococcus (e.g. Vaulot and Marie, 1999; Vaulot et al., 

1995 and Shalapyonok et al., 1998). The cellular carbon content of Prochlorococcus 

can vary by up to 50 % per day with the lowest carbon content at dawn (Shalapyonok 

et al., 2001). During AMT-14 and 15 some samples were collected at 11.00 local time 

whereas during the other cruises all samples were collected pre-dawn. It would be 

expected that differences in cell size due to cells being in different stages of the cell 
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cycle should occur between these two cruises and the other AMT cruises however this 

was not the case.  

 

Standing stocks are not necessarily a good indicator of variability within oligotrophic 

regions as shown by Marañón et al. (2000) who reported that algal biomass remained 

relatively constant over three cruises in the oligotrophic Atlantic Ocean, whereas 

productivity and growth varied eight-fold. However, the higher integrated 

Prochlorococcus biomass during AMT-13 and 14 corresponds to a higher rate of 

primary production during AMT-13 and a higher chlorophyll-a concentration during 

AMT-14 at the chlorophyll-a maximum (Poulton et al., 2006). The activity and 

production of bacterioplankton is addressed in chapters 5 and 6. These results indicate 

that although Prochlorococcus and Synechococcus concentrations and biomass vary 

little above the nitracline, the populations located in deeper waters are more temporally 

variable.  

 

Are surface abundances representative of waters above the nitracline? 

 

Due to mixing processes in surface waters, it was expected that the surface abundance 

of bacterioplankton groups would exhibit strong correlation with average concentrations 

above the nitracline, indicating a homogenous community throughout this part of the 

water column. Although this was true for Synechococcus, variance between the 

surface and average concentrations of Prochlorococcus and heterotrophic bacteria in 

the oligotrophic gyres demonstrated an uneven vertical distribution above the nitracline. 

This is consistent with the vertical profiles presented in chapter 3. Previous 

comparisons between surface and integrated cell abundances at oligotrophic sites in 

the Arabian Sea were highly correlated especially for Prochlorococcus and 

Synechococcus (Shalapyonok et al., 2001). An integration depth of 100 m was used for 

all stations unlike the varying nitracline depth used here. Many of the stations sampled 

in the Arabian Sea had stratified conditions and shallow mixed layers due to inter-

monsoon conditions and as such, many stations did not exhibit a sub-surface peak 

Prochlorococcus abundance as found in this study. 

 

In the EQ province, greater mixing in surface waters and concentrations averaged over 

fewer depths (due to a shallower nitracline) resulted in surface concentrations that 

were more indicative of average concentrations. Therefore, surface Prochlorococcus 

and Synechococcus concentrations can be used to estimate abundances of these two 

groups in the upper water column, above the nitracline in the EQ province. In contrast, 
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several depths depending on the complexity of vertical distribution need to be sampled 

to gain an accurate representation of the abundance of Prochlorococcus and NP in the 

NAG and the SAG. Data from up to 8 depths were integrated in this study, and for 

future work a higher vertical sampling resolution in the 20 m above the nitracline (e.g. 

every 2 to 5 m), where the largest variance from surface values was observed, 

combined with a surface sample may provide more information than equally spaced 

depths throughout the surface layer.  

 

How many stations are necessary to characterise a gyre province? 

 

The calculation of similar average integrated biomass values for the southern Atlantic 

gyre (SAG) when 7 stations were used instead of the total 15 (AMT-14) indicates that 

variance across the gyre is constant and therefore, for community analyses in this 

province, 7 stations could be sufficient. Approximately 7 stations from each gyre 

province were sampled on each of the other cruises, therefore, it was assumed that 

this number of stations would be sufficient to generate an accurate province estimate of 

the bacterioplankton community structure. 

 

Province estimates of concentration and biomass 

 

Average concentrations of all bacterioplankton groups in the northern and southern 

Atlantic gyres are in the same order of magnitude as previously published values from 

the northern Atlantic and the northern Pacific gyres (Partensky et al., 1996; Li and 

Harrison, 2001; Campbell and Vaulot, 1993; Andrade et al., 2004). Integrated biomass 

values vary considerably both within published data and with our estimates. This is 

partly attributable to differences in the depths chosen for integration but also due to the 

large variation in C conversion factors used to calculate biomass. Many published 

estimates of biomass have integrated data to either fixed depths, e.g. 100 or 200 m or 

integrate data over the whole of the photic zone. Therefore, data integrated to 200 m 

have also been presented to examine inter-annual variability over the whole photic 

zone and to compare values from the AMT cruises with values from the JR82 cruise 

and with other published data.  

 

The separation of stations on JR82 into the coastal and off-shore regions is consistent 

with other biological, physical and chemical studies during this cruise (Topping et al., 

2006; Ward et al., 2005). Korb et al. (2005) reported very high chlorophyll a 

concentrations close to S. Georgia attributed to diatom blooms. The slightly lower total 
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picophytoplankton concentration we observed in this region relative to the HNLC 

offshore region (Korb et al., 2005) is therefore likely to be due to iron or other 

micronutrient limitation of these smaller phytoplankton as they are out competed by the 

larger diatoms during the bloom conditions. As there were diatom blooms in the coastal 

region, it would be expected that heterotrophic bacteria would also be abundant in this 

region due to the plentiful supply of organic matter, however this was not the case. 

Instead there may be another factor limiting the heterotrophic bacteria community in 

this region, for example increased grazing rates or the sinking of particulate organic 

matter from the surface waters, thus making it unavailable for heterotrophic 

prokaryotes in the surface (Vaque et al., 2002). 

 

Partensky et al. (1996) reported considerably larger integrated Prochlorococcus and 

Synechococcus biomass values for the NAG (800 to 1330 mg C m-2 and 52 to 95 mg C 

m-2 respectively) this is mainly attributable to higher C conversion factors of 53 and 250 

fg C cell-1 compared to the average values of 29 and 99 fg C cell-1 used in this study. Li 

and Harrison (2001) used an even higher C conversion factor for Prochlorococcus (59 

fg C cell-1) although the conversion factor for Synechococcus was closer to the one 

used here (115 fg C cell-1). Their estimates of total picophytoplankton integrated 

biomass in the NAG (361 to 753 mg C m-2) were lower than Partensky et al. (1996), 

and their lowest values were more comparable to the estimates of Prochlorococcus 

and Synechococcus biomass integrated to 200 m in the SAG in this study. However, it 

is important to note, that their estimates of total picophytoplankton concentration and 

biomass also include picoeukaryotes. 

 

Overall, the data showed little variability in Prochlorococcus or Synechococcus 

concentration above the nitracline either seasonally or inter-annually in the NAG, SAG 

or EQ between 1996 and 2004. The overall lack of temporal variability of 

bacterioplankton above the nitracline in the oligotrophic gyres reported here is based 

on repeated sampling at different sites across the gyres. Due to the dynamic nature of 

gyre boundaries, overall size, and variability resulting from small-scale physical 

processes, repeated transect studies such as the AMT programme are necessary to 

examine biological parameters at the province-scale compared to fixed station time-

series studies. 
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Chapter 5 

 

Bacterial production in different provinces of the Atlantic Ocean 

 

5.1 Introduction 

 

As primary production (PP) measures the amount of carbon fixed into new phytoplankton 

biomass, bacterial production (BP) measures the amount of carbon assimilated into new 

heterotrophic bacterioplankton cells (Ducklow, 2000; Kirchman et al., 1982). BP is often 

expressed as a percentage of PP and used as an indicator of the importance of the 

microbial loop in oceanic food webs (Ducklow, 1999; Hoppe et al., 2002; Perez et al., 

2005).  

 

Several studies have shown that certain parts of the Atlantic oligotrophic gyres along with 

the equatorial region are net heterotrophic. Hoppe et al. (2002) calculated a higher 

bacterial carbon demand (BCD) for production and respiration than the rate of carbon 

fixed by phytoplankton between 8 ºN and 20 ºS in the Atlantic Ocean at approximately 30 

ºW. These calculated values do not include the respiratory carbon demand of larger 

organisms such as zooplankton and therefore underestimate the heterotrophic state of 

these waters. The rate of respiration (determined by dark community oxygen consumption 

rates) alone has also been shown to exceed that of primary production in oligotrophic 

waters (Del Giorgio et al., 1997; Duarte and Agusti, 1998). For net heterotrophy to exist, 

external inputs of carbon via upwelling, terrestrial sources or by slow-degrading 

phytoplankton must fulfil the remaining heterotrophic carbon demand not sustained by 

primary production. Due to variability in the magnitude and frequency of external carbon 

inputs, it is unlikely that net heterotrophy can be sustained over long time periods. Other 

studies have reported a more balanced relationship between primary production and 

respiration with the carbon demand for respiration fulfilled entirely by carbon fixation 

(Williams, 1998).  

 

The majority of dissolved organic carbon consumed by heterotrophic bacterioplankton is 

in the form of dissolved free amino acids (DFAA) (Cherrier and Bauer, 2004). For the 

purpose of estimating bacterial production along the AMT, the uptake and incorporation of 

two amino acids was used; leucine and methionine. Unlike leucine, the methionine 
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molecule contains a sulphur group enabling the use of the 35S radioisotope along with 3H 

to differentially label each amino acid. These amino acids belong to different families, 

which involve different intracellular biosynthesis pathways (leucine via the glycolysis 

pathway and methionine via the citric acid cycle) (Madigan and Martinko, 2006) when not 

obtained directly from the environment. Due to these differences, it is possible that the 

cellular uptake and requirement for each amino acid differs depending on the availability 

of different nutrients, community composition and cellular growth rate.  

 

Calculations of bacterial production rates are dependent on the use of a conversion factor 

usually to convert the uptake of a measured substrate such as leucine into the rate of new 

carbon biomass production (Kirchman and Ducklow, 1993). Previous research has 

produced widely varying conversion factors and consequently the choice of conversion 

factor heavily influences the resulting bacterial production values. In order to reduce 

inaccuracies of using published conversion factors derived from different water masses or 

at different time points, experiments were conducted to derive conversion factors from 

each province of the Atlantic sampled for bacterial production. This was carried out by 

relating the uptake of amino acids to the increase in cell numbers and subsequently new 

bacterial biomass in dilution culture experiments. 

 

The aims of this study are to examine the rates of bacterial production along the AMT 

transect and relate these to the rates of primary production. The hypotheses to be tested 

are (1) that the ratio of bacterial production to primary production is greater in the 

oligotrophic gyres than in more nutrient-rich waters and (2) that environmentally 

influenced change in the metabolism of heterotrophic bacterioplankton occurs. 

 

5.2 Methods 

 

5.2.1 Bacterial production 

 

Bacterial production during AMT-14 was measured by incubating samples with 

radiolabelled 35S-methionine diluted with unlabelled methionine at saturating 

concentrations. A dual labelling method was used to measure bacterial production on 

AMT-15 samples with both 35S-methionine and 3H-labelled leucine added to the 

incubations. Saturating concentrations of amino acids were used in order to suppress 
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intracellular amino acid synthesis so that the uptake of amino acids was directly related to 

the amount of protein synthesis. Saturating concentrations of methionine and leucine 

were determined by incubating water samples with 5 different concentrations of either 

amino acid, using the same method as for determining in situ uptake and concentration 

(see chapter 6) but with higher concentrations. From a graph of the uptake rate verses 

concentration, the concentration above which uptake rate remained constant was taken 

as the saturating concentration (Fig. 5.1). The saturating amino acid concentrations 

determined at several stations along the AMT-14 and 15 transects are shown in Table 

5.1. 

 

Seawater samples (1.6 ml) were incubated with radiolabelled amino acids and 

incubations were stopped by the addition of paraformaldehyde (PFA). All incubations 

were carried out in 2 ml screw-top polypropylene vials in the dark at ambient water 

temperature as measured by the temperature probe fitted to the CTD frame (chapter 2). 

For each sample, three replicates were incubated for 30, 60 or 90 minutes at ambient 

water temperature. Longer incubations (90, 180 and 270 mins) were used for deep water 

samples due to low uptake rates. Regression analyses of D.P.M. and incubation time 

were used to determine the rates of precursor uptake as described in chapter 6. 

  
 

Figure 5.1: The time taken to 

turnover different concentrations of 

leucine. The dotted line was fitted 

by eye and indicates the saturating 

concentration, used for bacterial 

production incubations. 
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Table 5.1: Saturating amino acid concentrations determined in different provinces 

along the AMT-14 and 15 transects.  

 

Cruise Province Methionine (nM) Leucine (nM) 

ST 0.9 - AMT-14 

SAG 0.7 - 

NT 2.1 2.1 

EQ 1.1 2.1 

EQ 1.1 - 

AMT-15 

SAG 0.9 0.9 

 

 

Killed controls are often used in uptake experiments; however, PFA fixes cells by cross-

linking proteins on the cell surface thus altering the chemical structure that may in turn 

affect the extent of radiochemical adsorption onto the cells. In place of killed controls, a 

fourth time point of 2 minutes was included for some AMT-15 samples as it is assumed 

that the incubation is too short to permit the uptake of radiolabel into cells. 

 

At four stations on AMT-15 a duplicate set of samples were incubated and fixed with 

trichloroacetic acid (TCA). This precipitates organic molecules rather than fixes whole 

cells hence only the radiotracer that has been assimilated into proteins will be measured 

when hot TCA is used. This is in contrast to PFA fixation when any amino acid that has 

been taken up into the cell but not metabolised is also measured. 

 

5.2.2: Dilution culture experiments 

 

During AMT-15, dilution culture experiments were performed on surface waters in order to 

obtain a conversion factor to relate the rate of amino acid uptake to the rate of new 

biomass production (i.e. bacterial production). Water samples were diluted 50 % with 0.2 

µm filtered seawater from the surface and incubated in darkness at ambient sea 

temperature for at least 28 hours. Sub-samples were removed from each bottle 

approximately every 4 hours and bacterial production incubations were carried out as 

previously described. Samples were also collected for flow cytometry to measure cell 

abundance as described in chapter 3. The increase in cell concentration during the 
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growth phase was converted to bacterial biomass using the method described in chapter 

4. The total increase in biomass was divided by the total amino acid uptake during the 

growth phase to produce conversion factors. 

 

The rates of bacterial production were compared with primary production rates where 

data were available. Pearson’s correlation was used to examine the relationship between 

these two variables in the photic zone.  

 

For the purpose of comparing BP between different provinces, only data from AMT-15 

were used as BP was measured over a wider range of latitudes and provinces. Bray-

Curtis similarity matrices followed by hierarchal cluster analysis using Primer software 

was used to divide the stations into the provinces as described previously (chapter 4) 

using data integrated from the surface to the depth of the chlorophyll maximum 

(determined by the fluorescence maximum, fmax) and over the entire photic zone, i.e. from 

the surface to the 0.1 % light level. Integrated BP values in each province during AMT-15 

were compared using ANOVA followed by multiple pairwise comparisons using Tukey 

tests (Minitab). 

 

5.3 Results 

 

5.3.1 Determination of conversion factors 

 

During AMT-15, dilution culture experiments were carried out in the North West African 

upwelling (UP), the northern (NAG) and southern (SAG) gyres and the equatorial 

upwelling (EQ). Amino acid uptake rates in the dilution cultures were very low in the 

northern and southern gyres (< 0.02 nM h-1). In surface waters from the NAG, both 

methionine and leucine uptake rates decreased over the initial 12 hours of incubation with 

a subsequent increase to a slightly higher uptake rate than at the start of the incubation 

(Appendix A). The initial decrease in cell activity following dilution in the NAG could be 

attributable to cells being ‘over-saturated’ with nutrients as the competition for dissolved 

organic nutrients was reduced 50 % by dilution. In surface waters from the SAG, uptake 

rates of both amino acids were low and variable for the first 20 hours of incubation 

(Appendix A).  
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Prokaryotes in the gyres are adapted to oligotrophic conditions and the change in 

environment caused by dilution and incubation could have caused a decrease in cellular 

activity and / or an increased mortality rate (the bottle effect). Cell concentrations in 

dilution cultures from both gyres also fluctuated with no clear increase in abundance over 

the duration of the incubations. Consequently, no clear growth phase could be identified 

over the period of the incubations in either of the gyre samples. In contrast, amino acid 

uptake rates were much higher in the UP and the start of the growth phase could be 

identified. However, the incubations were stopped whilst uptake rates were still 

increasing, therefore, a conversion factor could not be determined (Appendix A).  

 

In the EQ, the graph of uptake rates against time is sigmoidal allowing the total amount of 

amino acid uptake during the peak growth phase to be determined (Fig. 5.2). The uptake 

rates of both leucine and methionine increased during the first 4 hours, whereas an 

increase in cell concentration didn’t occur until after 4 hours. During the overall growth 

phase, 2.15 nM of leucine and 1.61 nM of methionine were taken up to produce an 

increase in cell numbers of 2.24 x 108 cells L-1. The resulting biomass conversion factors 

calculated from this experiment were 1.31 kg C mol-1 leucine and 1.76 kg C mol-1 

methionine and were used to calculate bacterial production (BP) for all samples from both 

cruises. By applying this conversion factor to the whole dataset, a constant rate of 

conversion of amino acids to carbon biomass is assumed, therefore not accounting for 

differences in respiration rates and growth efficiencies. Although, this is not ideal, a lack of 

comparable published conversion factors for oligotrophic gyres and the lack of obtaining 

any from this study limit the study of true bacterial production rates. However, using a 

single conversion factor for the whole dataset does have the advantage of eliminating an 

additional potential source of error of using different conversion factors and therefore 

differences in bacterial production rates reported here are directly related to differences in 

the rates of amino acid uptake. 
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Figure 5.2: Rate of methionine (met) and leucine (leu) uptake and concentration of 

heterotrophic bacteria in a 50 % dilution incubation in the equatorial province during 

AMT-15. Arrows indicate the maximum values of amino acid uptake rates and cell 

concentration taken at the end of the peak growth phase, used for calculation of the 

bacterial production conversion factors. 

 
 

5.3.2: Comparison of fixation methods 

 

Paired t-tests and Pearson’s correlation were used to compare the rates of bacterial 

production (BP) measured when cells were fixed with either paraformaldehyde (PFA) or 

trichloroacetic acid (TCA). Data from below the photic zone were not included in these 

tests due to the low and variable values obtained using the TCA fixation method at depth. 

In the photic zone (above the 0.1 % light level), the rates of BP obtained from both fixation 

methods and both amino acids were significantly correlated (p < 0.001; n = 13; Fig. 6.3). 

However, bacterial production was significantly lower when TCA was used rather than 

PFA (p = 0.02 for leucine and 0.03 for methionine; n= 15). Correlation between the two 

fixation methods produced ratios of BP calculated from leucine uptake and fixation with 

TCA compared to PFA fixation of 0.78 for leucine and 0.64 for methionine (Fig. 5.3). 

Hence, approximately 22 to 36 % of the amino acids measured by the PFA fixation 

method are either inside the cells but have not yet been incorporated into proteins or have 

been adsorbed onto the surface of the cells and have not been actively taken up into the 

cells. Another explanation is that a fraction of the amino acids taken up have been 
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metabolised into other compounds, involving cleavage of the compound and removal of 

the radiolabelled molecule from the cell. However, this would be energetically more 

expensive than assimilating the amino acids directly and therefore it is not expected to be 

a major factor. 

 

Figure 5.3: Relationship between bacterial production (mg C m-3 d-1) determined 

after fixation with PFA and TCA using either (a) the uptake of leucine or (b) 

methionine. The correlation between both factors is indicated by the solid line and 

the dotted line indicates a 1 to 1 relationship for reference. Number of samples (n) 

= 17. 

a.      b. 

  
 

5.3.3: Bacterial production 

 

During AMT-14 bacterial production (BP) measurements were only made between 16 ºS 

and 42 ºN due to time restrictions (the main focus during this cruise was estimating the in 

situ amino acid uptake rates, rather than BP; chapter 6). The peak rate of bacterial 

production (3.5 mg C.m-3.d-1) was located in the upper 50 m of the water column in the 

EQ, between 7 ºS and 13 ºN with considerably lower rates at higher latitudes and in 

deeper waters (Fig. 5.4). In the northern temperate region, BP increased steadily in 

surface waters with increasing latitude with values increasing from 0.20 mg C.m-3.d-1 at 31 

ºN to 1.3 mg C.m-3.d-1 at 42 ºN. 
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Figure 5.4: Bacterial production (BP) in the northern hemisphere on AMT-14 (mg 

C.m-3.d-1). BP measurements were only made at a depth of 6.5 m at 16 ºS and 4 ºS, 

therefore these data are omitted from the contour plot, however, these BP values 

were also at the peak rate of approximately 3.5 mg C.m-3.d-1. Sample locations are 

indicated by black dots. 

 
 

Bacterial production as determined by methionine and leucine uptake experiments during 

AMT-15 was highest in the upper 50 m of the water column between 15 and 25 ºN (> 1.0 

mg C.m-3.d-1; Figs. 5.5 and 5.6). BP was slightly higher when calculated using leucine 

uptake than methionine uptake in surface waters along the entire transect. Uptake rates in 

surface waters at one station in the North West African upwelling (21 ºN) were 

approximately 15-fold higher than at adjacent sample sites, associated with high numbers 

of heterotrophic bacteria in this nutrient-rich region (chapter 3). At this station, BP 

determined by leucine uptake was 24 mg C.m-3.d-1 and by methionine uptake was 21 mg 

C.m-3.d-1 (these anomalous high values are omitted from the contour plots). 
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Figure 5.5: Bacterial production (mg C.m-3.d-1) determined using the methionine 

uptake method on AMT-15. Data from 21 ºN is omitted (see text). Sample locations 

are indicated by black dots. 

 
 

Figure 5.6: Bacterial production (mg C.m-3.d-1) determined using the leucine uptake 

method on AMT-15. Data from 21 ºN is omitted (see text). Sample locations are 

indicated by black dots. 

 
Linear regressions of uptake rates for both the photic and aphotic zone in each province 

during AMT-15 indicated a fairly constant methionine to leucine uptake ratio. The ratios in 

the photic zone ranged from 0.43 in the southern temperate region (ST) to 0.67 in the 

southern gyre (SAG). Uptake ratios in the aphotic zone ranged from 0.55 in the ST to 0.96 

in the equatorial upwelling (EQ). The greatest difference in BP with depth occurred in the 

EQ with a ratio in the aphotic zone almost double the ratio in the photic zone (Table 5.2). 
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Table 5.2: Ratios of methionine (met) to leucine (leu) uptake in the photic (P) and 

aphotic (A) zones in the North West African upwelling (UP), the northern (NAG) and 

southern (SAG) gyres, the equatorial upwelling (EQ) and the southern temperate 

(ST) provinces as determined by linear regression analysis. The goodness of fit of 

each slope is indicated by the r2 value and the p values are indicated: * < 0.05; ** < 

0.01; *** <0.001. n is the number of samples. 

 

Province P or A zone 
met uptake / 

leu uptake 
n r2 

A 0.60 *** 8 0.98 
UP 

P 0.63 *** 16 1.00 

A 0.58 *** 9 0.96 
NAG 

P 0.56 *** 14 0.88 

A 0.96 *** 6 0.98 
EQ 

P 0.49 ** 14 0.61 

A 0.64 ** 6 0.93 
SAG 

P 0.67 *** 22 0.73 

A 0.55 * 7 0.61 
ST 

P 0.43 *** 13 0.89 

 

 

Over the whole AMT-15 transect, there was a significant correlation between the uptake 

of methionine and leucine (p < 0.05). Cells took up less methionine than leucine with the 

rate of methionine uptake 58 % of the rate of leucine uptake (Fig. 5.7). 
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Figure 5.7: Linear regression of leucine and methionine uptake rates during AMT-

15. Note the logarithmic scale used. n = 146. 

 

 
 

5.3.4: Does bacterial production vary between different oceanic provinces? 

 

In order to compare bacterial production rates between provinces, data were depth-

integrated and divided into provinces using hierarchical cluster analyses as described 

previously in chapter 4. Only the depth-integrated bacterial production values were used 

in the cluster analysis to group stations into provinces. The depth chosen for integration 

was either the fluorescence maximum (fmax; AMT-14 and 15 samples) or the 0.1 % light 

level (AMT-15 samples only). These light levels were chosen for subsequent comparison 

with depth-integrated primary production values.  

 

For AMT-14, three clusters at the 90 % similarity level were produced, these were 

designated the northern gyre (NAG, n = 3), the equatorial upwelling (EQ, n = 1) and the 

northern temperate (NT, n = 4) provinces. Depth-integrated bacterial production was 

higher in the NAG (82 ± 44 mg C.m-2.d-1) than both the EQ (57 mg C.m-2.d-1) and the NT 

(28 ± 7 mg C.m-2.d-1; Table 5.3). 

 



 97 

Table 5.3: Province estimates (± standard error of the mean) of bacterial production 

(BP) integrated from the surface to the depth of the chlorophyll maximum (fmax) on 

AMT-14. The number of stations in each province is indicated (n). 

 

Province BP 
(mg C.m-2.d-1) 

NAG (n = 3) 82 ± 44   
EQ (n = 1) 57 
NT (n = 4) 28 ± 7 

 

 

Bacterial production rates from AMT-15 were depth-integrated to either the depth of the 

chlorophyll maximum (fmax) or over the entire photic zone (to the 0.1 % light level) and 

separated into 8 clusters at the 90 % similarity level (Fig. 5.8). The rates of bacterial 

production in the upwelling region were much higher and therefore showed only 60 % 

similarity to the remaining provinces. Samples from both the northern (NAG) and southern 

(SAG) gyres fell into the same cluster and were split into two groups based on the 

latitude, i.e. northern or southern hemisphere. Samples around the equator (EQ) 

clustered together, whereas samples in the North West African upwelling (UP) were more 

variable and fell into 3 clusters. Due to the highly variable waters in the UP, these 3 

clusters were grouped together to gain a more accurate average estimate for BP in this 

region. A sample from the UP region at 22 ºN clustered with the samples from the EQ 

region, again indicating the high variation in bacterial production rates in the upwelling 

region. One sample from 39.6 ºS fell into a separate cluster and was designated the 

southern temperate region (ST) (Fig. 5.8).  

 

Three stations were excluded from the province group averages due to their high 

dissimilarity to samples from similar latitudes (Fig. 5.8). On closer inspection of the data 

from these outlying stations, the differences were due to either a proportionately higher 

value when integrated to the 0.1 % light level compared to the fmax integrated value (15 

ºS) or proportionately lower values obtained using the methionine uptake method 

compared to the leucine uptake method (18 ºS and 25 ºS). Bacterial production at these 

three stations was very low, especially at depth; therefore, these discrepancies are likely 

to be errors arising from a reduced accuracy of the method at these low rates of amino 
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acid incorporation. The clusters obtained using depth-integrated BP data from both 

cruises are similar to those obtained using cell abundances in chapter 4. 

 

Figure 5.8: Cluster analysis of depth-integrated bacterial production during AMT-15. 

Samples are labelled by latitude and negative values indicate ºS. The dashed line 

indicates the 90 % similarity level chosen for the grouping of samples into provinces. 

Red boxes indicate the samples grouped together for each province and samples 

highlighted in blue are the ones excluded from the subsequent province analysis 

(see text for further explanation). 
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Table 5.4: Province estimates (± standard error of the mean) of bacterial production 

(BP) integrated either from the surface to the depth of the fmax or over the whole 

photic zone (to the 0.1 % light level) on AMT-15. BP determined from both the 

methionine (met) and leucine (leu) uptake methods are shown and the number of 

stations in each province is indicated (n). 

 
BP fmax 

(mg C.m-2.d-1) 
BP Photic zone 
(mg C.m-2.d-1) 

Province 

leu met leu met 
NAG (n = 4) 58 ± 10 28 ± 2 87 ± 21 34 ± 1 
SAG (n = 5) 30 ± 3 26 ± 2 37 ± 3 33 ± 3 
EQ (n = 7) 43 ± 1 34 ± 2 57 ± 4 44 ± 3 
UP (n = 4) 139 ± 37 98 ± 35 159 ± 37 112 ± 36 
ST (n = 1) 29  12 45 20 

 
 
 
Despite the mean depth-integrated bacterial production (BP) values being higher when 

calculated using leucine uptake than methionine uptake for all provinces (Table 5.4), this 

difference was only significant in the EQ province for data integrated to both the fmax (p = 

0.003) and the photic zone (p = 0.021). Hence for subsequent analyses, the mean 

integrated BP determined by leucine and methionine uptake was used. 
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Figure 5.9: Depth-integrated rates of bacterial production (BP) in each province 

during AMT-15. Bars represent the mean BP (from methionine and leucine uptake 

experiments) integrated to either the depth of the fmax or the 0.1 % light level. Error 

bars indicate the standard error of the mean (S.E.M.) calculated from all integrated 

values in each province. Numbers above the bars indicate the number of stations in 

each province. 

 
 

There was no significant difference in mean depth-integrated bacterial production rates in 

the northern gyre (NAG) during AMT-15 and AMT-14 (t-test; p > 0.05; Tables 5.3 and 

5.4). During AMT-15, mean depth-integrated bacterial production was significantly higher 

in the North West African upwelling (UP) than in all other provinces (Fig. 5.9; p < 0.05). 

Low variability in the southern gyre (SAG) and the equatorial upwelling (EQ) resulted in 

significant differences between these provinces, with the EQ province having a higher 

mean integrated BP than the SAG (Table 5.4). This was the case for data integrated to 

the depth of the fmax and the whole photic zone as well as when calculated from 

methionine and leucine uptake values. Depth-integrated BP rates were also significantly 

higher for the NAG than the SAG when integrated over the whole photic zone only.  

 

5.3.5 What factors control bacterial production? 

 

To examine further, the differences in bacterial production along the transect and with 

depth, the relationships if any, between bacterial production and various biological and 

4 

5 

7 

4 

1 
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physical parameters were tested. There was no significant relationship between 

heterotrophic bacterial biomass (calculated as described previously in chapter 4) and 

mean bacterial production (p > 0.05; Fig. 5.10). The abundance of heterotrophic bacteria 

(HB) also showed no significant correlation with the mean bacterial production (BP; p > 

0.05).  

 

 
 

The lack of correlation between either HB abundance or biomass and bacterial production 

indicates variability in the cellular and biomass-specific rates of bacterial production. It 

was expected that cellular activity would decrease with depth as the availability of 

dissolved organic matter decreases below the photic zone. However, depth was also not 

found to have a significant influence on the cellular rates of bacterial production. This can 

be observed in depth profiles of the uptake of either leucine or methionine during AMT-15 

(Fig. 5.11). Despite an apparent decrease in cellular amino acid uptake rates with depth 

below 150 metres, this was not a significant relationship (p > 0.05). 

      

Figure 5.10: Comparison of 

bacterial production (averaged from 

methionine and leucine 

measurements) and heterotrophic 

bacterial biomass. The solid line is 

the line of regression and the 

equation and r2 value are also 

shown. n = 94. 
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Figure 5.11: Relationship between cellular uptake rates of methionine (met) and 

leucine (leu) and depth for all samples during AMT-15. n = 86. Note the logarithmic 

scale used. 

 
  

The relationship between biomass-normalised bacterial production (BP) and latitude was 

also examined however, no clear trend in any province was observed at either the 

surface, the depth of the chlorophyll maximum (fmax) or the 0.1 % light level (Appendix B). 

Bacterial production rates were also not significantly correlated with temperature (p > 

0.05). 

 

5.3.5: Proportion of photosynthetically fixed C taken up by bacterioplankton 

 

Similarly to the rates of bacterial production, primary production was lower in the 

equatorial upwelling (EQ) and the northern gyre (NAG) during AMT-15 than AMT-14 

(Tables 5.4 and 5.5). During AMT-14, bacterial production (BP) was lower than primary 

production (PP) in all samples except one from the depth of the chlorophyll maximum in 

the northern gyre (NAG). BP was highest relative to PP in surface waters between 10 and 

15 ºN, at the northern boundary of the EQ province (Appendix C). However, when the 

data were integrated to the depth of the fmax, the highest ratio of BP to PP was found in 

the NAG (Table 5.5).  

 

BP was higher relative to PP on AMT-15 when calculated from both methionine and 

leucine uptake. The shoaling of the photic zone and nitracline in the upwelling region 

1 x 10-10 1 x 10-8 1 x 10-9 1 x 10-11 
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centred around 21 ºN during AMT-15 are evident in the contour plots by the increased 

percentage of BP relative to PP below a depth of 50 m (Appendix C). 

 

Table 5.5: Province estimates (± standard error of the mean) of primary production 

(PP) rates integrated from the surface to the depth of the fmax during AMT-14. The 

number of stations in each province is stated (n). The primary production data were 

provided by A. Poulton using the method described in chapter 2. 

 

Province PP (mg C.m-2.d-1) 

NAG (n = 3) 400 ± 34 

EQ (n = 1) 401 

NT (n = 4) 324 ± 75 

 

Table 5.5: Province estimates (± standard error of the mean) of primary production 

(PP) rates integrated from the surface to either the depth of the fmax or the 0.1 % light 

level (photic zone) during AMT-15. SAG – represents the SAG province excluding 

the southernmost station (see text). The number of stations in each province is 

stated (n). The primary production data were provided by A. Poulton and T. Adey 

using the method described in chapter 2. 

 

 PP (mg C.m-2.d-1) 

Province fmax  Photic zone 

NAG  156 (n = 1) 173 (n = 1) 

SAG  354 ± 146 (n = 3) 520 ± 279 (n = 3) 

EQ  307 ± 43 (n = 4) 342 ± 48 (n = 4) 

UP  827 (n = 1) - 

 

 

There was no significant relationship between bacterial production (the mean BP values 

calculated from methionine and leucine uptake) and primary production over the whole of 

the AMT-15 transect as shown by regression analysis (Fig. 5.12a). Even within the 

different provinces, no significant relationship was found between BP and PP (Fig. 5.12b). 

However, when surface samples from all provinces except the upwelling region were 

compared, bacterial production significantly correlated with primary production (p = 0.02; 
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Fig. 5.12b) indicating that variability in the ratio of BP to PP is greater with depth rather 

than latitude. Samples from the upwelling region were omitted from this analysis as 

before, due to the considerably higher bacterial and primary production values measured 

in this region. 

 

Figure 5.12: Relationships between bacterial production (BP) and primary 

production (PP) during AMT-15 in (a) all samples (n = 50) and (b) all surface 

samples except from the upwelling region (n = 9). Note the logarithmic scale used 

on graph a due to the wide range of values across the transect. Solid lines are the 

lines of correlation and the equations and r2 values are also shown.  

   
 

The proportion of photosynthetically fixed carbon taken up by bacterioplankton in each 

province was compared by calculating bacterial production as a percentage of primary 

production (BP/PP * 100; Table 5.6). The lowest percentages of BP/PP were found in the 

north-west African upwelling (8 %) and the northern temperate regions (9 ± 1 %) whereas 

the highest percentages were found in the northern gyre (NAG; 22 to 52 %). In the 

southern gyre (SAG), the ratio of BP/PP was considerably lower than in the NAG with 

bacterial production rates between 11 and 12 % of primary production rates.  
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Table 5.6: Depth-integrated bacterial production to either the chlorophyll maximum 

(fmax) or the whole photic zone as a percentage of the depth-integrated primary 

production in each province. The number of stations used in each province is stated 

(n). Where there were both primary production and bacterial production data for 

more than one station in the province, the standard error of the mean (S.E.M.) is 

shown. Bacterial production was determined from methionine uptake experiments 

only during AMT-14 and from the mean values obtained from methionine and 

leucine uptake experiments during AMT-15.  

 

 AMT-14 AMT-15 

Province fmax (% ± S.E.M.) fmax (% ± S.E.M.) Photic (% ± S.E.M.) 

NAG  22 ± 13 (n = 3) 36 (n = 1) 52 (n = 1) 

SAG  - 11 ± 3.6 (n = 3) 12 ± 4.1 (n = 3) 

EQ  14 (n = 1) 16 ± 1.9 (n = 3) 17 ± 4.2 (n = 3) 

UP  - 8 (n = 1) 8 (n = 1) 

NT  9 ± 1 (n = 4) - - 

 

 

5.4: Discussion 

 

5.4.1: Biomass conversion factors 

 

The biomass conversion factors calculated during AMT-15 are in the same range as 

previously published values. Conversion factors calculated in the northern Atlantic Ocean 

vary between 0.4 kg C.mol-1 leucine (Zubkov, 2000) and 3.1 kg C.mol-1 leucine (Kirchman, 

1993). Perez et al. in 2005 determined conversion factors using similar dilution culture 

experiments, measuring bacterial production by 3H-Leucine incorporation and cell 

abundance by microscopy, at two oligotrophic stations along the AMT transect. Their 

mean value was lower than the ones calculated in this study; 0.73 compared to 1.31 kg 

C.mol-1 leucine.  

 

Due to low cellular amino acid uptake in the oligotrophic gyres, conversion factors could 

not be calculated and as such it is likely that the conversion factors used in this study 
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result in an overestimation of bacterial production rates in these regions. The widely 

ranging conversion factors available in the literature indicate that variability in bacterial 

production estimates can be largely due to the differences in conversion factors used. 

Despite the limitations of using only one biomass conversion factor for the whole transect, 

this removes subjective estimations of growth rates and efficiencies that would arise by 

using multiple conversion factors. The differences in bacterial production rates reported 

here are therefore direct effects of variability in amino acid uptake rates. 

 

5.4.2: Comparison between cruises 

 

During AMT-14, the highest rates bacterial production (BP) rates of 3.5 mg C.m-3.d-1 were 

located in the surface 50 m in the equatorial region with lower rates of approximately 0.5 

mg C.m-3.d-1 in deeper waters (> 200 m) across the entire transect and also above 200 m 

in the northern gyre. A similar pattern was observed during AMT-15 with high BP in the 

photic zone around the equator, however, the highest values were measured in surface 

waters of the North West African upwelling, not sampled during AMT-14. During both 

cruises, high BP values were also located in the upper 50 m of the water column in the 

high latitude, temperate waters. 

 

The lower BP values obtained during AMT-14 compared to AMT-15 are probably due to 

the incubation of many of the samples with sub-saturating concentrations of methionine. 

The saturating concentration of methionine during this cruise was determined initially in 

the southern temperate region and then the southern gyre and this latter concentration 

was used for the remainder of the cruise. Cellular turnover rates and ambient 

concentrations of amino acids vary in different regions (chapter 6) and therefore it is 

possible that the pre-determined concentration of saturation of methionine was too low for 

saturation at some stations. If some samples were incubated with under-saturating 

methionine concentrations, lower BP rates could be attributed to either substrate limitation 

or to intra-cellular production of methionine resulting in a reduced uptake of radiolabelled 

methionine from the water. To account for variations in the saturating concentrations of 

amino acids, this was determined (for both methionine and leucine) at several points 

along the transect in different provinces during AMT-15 to ensure that samples were 

saturated with amino acids during the bacterial production incubations.  
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5.4.3: Distribution of bacterial production along the AMT  

 

The highest rates of bacterial production were co-located with the highest abundance of 

heterotrophic bacteria in the upper 50 m of the water column in the equatorial upwelling, 

the North West African upwelling and the temperate regions (chapter 3). A similar peak in 

bacterial production was found around the equator during AMT-11, although the 

estimated values were an order of magnitude lower (Perez et al., 2005). The lower values 

obtained by Perez et al. (2005) can be partly attributed to the lower conversion factors 

they used compared to this study, but also to methodological differences, as they used 

TCA to precipitate organic molecules rather than fixing whole cells using PFA. The data 

presented here showed that on average, bacterial production rates as measured by 

leucine incorporation were 78 % lower when TCA was used compared to PFA.  

 

The greater abundance of either prokaryotic or eukaryotic phytoplankton in the equatorial 

upwelling, the North West African upwelling and the temperate regions (chapter 3; (Tarran 

et al., 2006) provides a potentially large source of DOM for heterotrophy, thus capable of 

supporting a greater abundance of heterotrophic bacteria and a higher rate of bacterial 

production (Bell and Sakshaug, 1980; Cherrier and Bauer, 2004). Despite these apparent 

trends, there were no significant relationships between either heterotrophic bacterial 

abundance or biomass and bacterial production.  

 

Bacterioplankton activity, in terms of the uptake of DOM, can vary greatly. This may be 

due to inter-specific variation in DOM uptake affinity (Alonso and Pernthaler, 2006) or 

intra-specific variation forced by nutrient concentrations (Carrero-Colon et al., 2006). 

Previous research in surface waters along the AMT transect found variability in cellular 

activity in different provinces although this was generally higher in the southern gyre and 

the North West African upwelling than at the equator or in the temperate regions (Mary et 

al. 2006). 

 

Province estimates of depth-integrated bacterial production for the northern gyre and 

equatorial regions are in the same order of magnitude as previously published values 

(Ducklow, 1999). Although the rates for the NAG were considerably higher during both 

AMT-14 and 15 (82-171 mg C.m-2.d-1) than those found by Carlson et al. (1996) in the 

Sargasso Sea (11-36 mg C.m-2.d-1). Bacterial production rates measured previously in 
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temperate waters of the North Atlantic were in the range of values produced in this study 

(Zubkov et al., 2001b). 

 

It has been suggested that the uptake of amino acids by bacterioplankton is enhanced by 

the use of several uptake systems with different kinetic parameters, therefore facilitating 

amino acid uptake at a wide range of concentrations (Schut, 1993; Unanue et al., 1999). 

The positive correlation between biomass specific bacterial production and uptake affinity 

for methionine compared to leucine suggests that as the concentration of DOC decreases 

with depth (Thurman, 1985), methionine is energetically favoured over leucine as a C 

source in nutrient limiting conditions. The differences in amino acid uptake affinities may 

be attributable to changes in the community composition and this is discussed in more 

detail in chapter 6. 

 

Previous research has shown that despite differences in cell specific amino acid uptake 

rates, a relatively constant biomass specific uptake rate between different groups of flow 

sorted bacterioplankton and with depth was found in the Celtic Sea (Zubkov et al., 

2001a). The differences in biomass specific bacterial production may not be entirely due 

to changes in the activity of heterotrophic bacteria as depth related variability has been 

observed in methionine uptake rates of Prochlorococcus. The low light (high chlorophyll 

fluorescence) population is responsible for up to 50 % of the total bacterioplankton amino 

acid uptake below 100 m in the southern Atlantic gyre. The lower biomass specific 

bacterial production observed in surface waters may be attributable to the lower amino 

acid uptake rates of high light (low chlorophyll fluorescence) Prochlorococcus in the 

surface waters and the higher biomass specific uptake of the low light ecotype in deeper 

waters of the photic zone (Zubkov et al., 2004) as these cells dominate the 

bacterioplankton community over a large part of the transect.  

 

The ratios of DNA to protein synthesis vary temporally and spatially (Gasol et al., 1998; 

Pomroy and Joint, 1999) indicating that the growth state of bacterioplankton is controlled 

by a complex interaction of factors including temperature (Longnecker et al., 2006) and 

chlorophyll (Longnecker et al., 2005). The negative correlation between temperature and 

biomass specific bacterial production found in this study indicates that the metabolic state 

of heterotrophic bacterioplankton is controlled to a certain degree by temperature. 
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5.4.4: Ratios of BP to PP  

 

The uncoupling of bacterial and primary production highlighted by the lack of correlation 

between these two parameters contradicts previous research (Coffin et al., 1993; Cole et 

al., 1988). Despite a lack of difference in integrated rates of bacterial production between 

both the northern and southern gyres during AMT-15, there was a large difference in the 

relationship between primary production and bacterial production in these provinces. This 

difference is attributed to a difference in rates of primary production between these two 

regions, with the southern gyre having a higher integrated primary production than the 

northern gyre. During AMT-15 the NAG was sampled during the boreal autumn and the 

SAG during the boreal spring. Despite seasonal changes in PP in the gyres, BP does not 

appear to differ. 

 

The ratios of bacterial production to primary production reported here were comparable 

with many previously published values (Carlson et al., 1996; Ducklow, 1999). Hoppe et al. 

(2002) reported ratios of between 2-10 % in the cooler temperate regions to 40 % in the 

tropics. The same pattern was observed along the AMT transect with the low ratios 

located in the northern temperate region during AMT-14 (9 %), comparable to those 

reported by Hoppe et al. and the highest rates located in the northern oligotrophic gyre 

during AMT-15. Although the ratio calculated for the northern gyre (52 %) is slightly higher 

than the average ratio for the northern Atlantic presented by Hoppe et al. (2002), similarly 

high ratios were also found during their study at several stations in the northern and 

southern gyres and the equatorial region. 

 

The first hypothesis that a higher ratio of bacterial production to primary production exists 

in the oligotrophic gyres has been proven for the northern Atlantic gyre however the 

lowest ratios were found in the southern Atlantic gyre. This difference may reflect 

seasonal differences although the abundance and biomass of heterotrophic 

bacterioplankton did not differ accordingly (chapter 4). The second hypothesis that 

metabolic changes in heterotrophic bacterioplankton occur in response to environmental 

conditions has been shown to be true for the differential uptake of leucine and methionine 

in response to temperature and depth. These results provide further insight into 

ecosystem functioning at the microbial level and are important in understanding 

importance of the microbial loop in the oceanic carbon cycle. 
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Chapter 6 

 

Bacterioplankton metabolic activity and community composition in different Atlantic 

oceanic provinces 

 

6.1 Introduction 

 

Bacterioplankton dominate the uptake of dissolved organic matter (DOM; (Azam, 1998; 

Azam et al., 1983; Ducklow, 2000), yet the contribution of different bacterial clades to 

the turnover of DOM in the oceans remains poorly understood. Several recent studies 

have examined the activity of defined bacterioplankton groups in incorporating 

metabolic precursors using culture-dependent and independent techniques (for 

example, (Alonso and Pernthaler, 2005; Malmstrom et al., 2005; Malmstrom et al., 

2004; Pernthaler et al., 2001; Zubkov et al., 2001b). Bacteria from the SAR 11 clade 

are the most abundant bacterioplankton in the ocean (Morris et al., 2002). Studies 

using a combination of microautoradiography and fluorescent in situ hybridisation 

(FISH) have linked the SAR 11 clade to between 30 and 50 % of the total community 

uptake of leucine (Malmstrom et al., 2005). However, this technique is only semi-

quantitive and exact rates of substrate incorporation cannot be obtained using this 

method (Sintes and Herndl, 2006; Vila et al., 2004).  

 

For the purpose of this study, flow cytometric sorting was used to divide the 

bacterioplankton community in order to examine the methionine uptake rates of each 

sorted cell group. Cells were sorted into groups based upon nucleic acid content and 

cell size (side scatter). Previous studies using this approach have reported higher 

leucine incorporation rates for cells with high nucleic acid content compared to cells 

with low nucleic acid content (Lebaron et al., 2001; Longnecker et al., 2006; Servais et 

al., 2003). Whereas other studies have shown little or no difference in the cell-specific 

and biomass-specific leucine or methionine uptake rates of cells with high or low 

nucleic acid content (Longnecker et al., 2005; Zubkov et al., 2001b). 

 

In order to link the methionine uptake rates of flow cytometrically defined groups to 

phylogenetic clades, fluorescent in situ hybridisation (FISH) was also carried out on 

flow cytometrically sorted cells. A signal amplification step was incorporated into the 

FISH procedure in order to visualise the small less active cells in the oligotrophic gyres 

(catalysed reporter deposition fluorescence in situ hybridisation; CARD-FISH). In the 

Celtic Sea, Zubkov et al. (2001) found that cells with high nucleic acid content were 
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dominated by bacteria from the Roseobacter spp. and Cytophaga-Flavobacterium-

Bacteroides clades and cells with low nucleic acid content contained bacteria from the 

SAR 86 clade. 

 

The availability of organic substrates has been reported to significantly restrict the 

growth of heterotrophic micro-organisms (Konopka, 2000). More specifically, the 

uptake of leucine by bacterioplankton has been shown to be dependent on 

concentration. The existence of inter-species variations in the response of leucine 

uptake rates to leucine concentration support the idea of differing ecological roles and 

the adaptation of certain clades to environmental conditions (Alonso and Pernthaler, 

2006). Bioassays using radiolabelled substrates were used in this study to estimate the 

in situ methionine and leucine uptake rates and concentrations in order to examine any 

interdependence and to estimate the methionine uptake rates of flow sorted cell 

groups. 

 

The aims of this study were to examine the methionine uptake rates and community 

composition of bacterioplankton cells along with the in situ leucine and methionine 

uptake rates and concentrations in different provinces of the Atlantic Ocean. The 

hypotheses to be tested were that the uptake rates of methionine and leucine uptake 

were related to the ambient concentrations and these were higher in the temperate 

regions and in upwelling regions than in the oligotrophic gyres. Also, cells from different 

bacterioplankton clades have different methionine uptake rates, therefore both the 

community composition and uptake rates are determined by the ambient concentration. 

 

6.2. Methods 

 

6.2.1 Sample collection 

 

Samples for flow sorting were collected during three cruises (AMT-13, 14 and 15) as 

described in chapter 2 from a near-surface depth of between 2 and 7 metres at 24 

stations on AMT-13; 9 stations on AMT-14 and 12 stations on AMT-15. Samples for the 

determination of substrate turnover and concentrations were collected from near-

surface waters and also from waters at the fluorescence maximum (fmax) at some 

stations. Data from AMT-13 were provided by M. Zubkov. Sub-samples for flow sorting 

and CARD-FISH were fixed using paraformaldehyde (PFA; 1 % final concentration) 

within an hour of collection and stored at 4 ºC overnight before freezing at -80 ºC until 

analysed post-cruise. Details of sampling procedures are described in chapter 2. 
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6.2.2 Concentration and turnover of metabolic substrates 

 

The concentration and turnover of the amino acids methionine and leucine in the water 

were measured by incubating samples with 5 different concentrations of radiolabelled 

substrate using a concentration series bioassay (Wright and Hobbie, 1966),. Water 

samples (1.6 mls each) from AMT-14 were incubated with small volumes (≥ 16 µl) 

either 3H-Leucine (final concentrations of 0.1, 0.2, 0.4, 0.6 and 0.8 nM) or 35S-

Methionine (final concentrations of 0.2, 0.3, 0.5, 0.7 and 0.9 nM) for either 10, 20 or 30 

minutes. 

 

The same experiments were carried out during AMT-15 to measure the concentration 

and uptake of methionine and leucine only. Due to the high specific activity of 35S-

Methionine, only 0.1 nM of the radiolabelled substrate was added to each incubation 

and unlabelled methionine was also added to make up the desired final concentrations. 

The radiolabelled substrates were added at sub-saturating concentrations as indicated 

by the linear relationship between uptake and concentration (Fig. 6.1). Incubations 

were carried out in autoclaved 2 ml polypropylene screw-top vials and stopped by the 

addition of PFA (1 % final concentration). Samples were filtered through 0.2 µm nylon 

filters and the amount of radioisotope remaining on the filters (i.e. incorporated into 

cells or particulate material) was counted using a scintillation counter (Tricarb 3100, 

Perkin-Elmer).  

 

The amount of radioactivity incorporated per minute of incubation was estimated for 

each different concentration by taking the gradient of a slope produced by regression 

analysis of the disintegrations per minute (D.P.M.) for each of the three time points. 

The inverse of these values (number of hours taken to uptake all the substrate) were 

subsequently analysed by regression analysis (Fig. 6.1) with the total concentrations of 

metabolic precursors to produce estimates of the ambient concentration (the intercept 

of the y-axis multiplied by the gradient, i.e. the intercept of the x-axis) and the fraction 

of substrate taken up per day (24/intercept). Only data that produced significant 

regressions were used (p < 0.05). Multiplication of the fraction of substrate taken up 

per day by the ambient concentration in the water produced the turnover rate for each 

sample. 
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Figure 6.1: Regression analysis used to calculate the ambient concentration 

and turnover of leucine (leu). The regression coefficient (r2) is indicated on the 

graph. 

 
 

 

 

6.2.3 Flow Cytometry 

 

Bacterioplankton including phototrophic cyanobacteria were enumerated and sorted 

using flow cytometry (FACSort, Beckton Dickinson, Oxford, U.K.) on samples 

radiolabelled previously with 35S-Methionine, fixed and stored at -80 ºC. For CARD-

FISH, non-radiolabelled samples were used for flow sorting of the same prokaryote 

groups with similar flow cytometry signatures. The flow sorting for CARD-FISH was 

carried out on either a FACScalibur (Beckton Dickinson, Oxford, U.K.) or MoFlo (Dako 

Cytomation) instrument. Cells sorted using the MoFlo instrument were reanalysed 

using the FACScalibur instrument to ensure the same flow cytometry signature was 

obtained to allow cross comparison of sorted cell groups from both instruments.  

 

Three groups of heterotrophic bacteria were identified by their characteristic light side 

scatter and nucleic acid content indicated by SYBR Green I fluorescence. One group of 

cells had a low fluorescence, named the low nucleic acid group (LNA) and the other 

two cell groups had high fluorescence (high nucleic acid, HNA), with the cells from one 

group having a lower side scatter (HNAI) than the other group (HNAII) as illustrated in 

Fig. 3.2. In samples where the concentration of either Synechococcus or 

Prochlorococcus cells exceeded 2 x 103 cells.mL-1, these cells were also sorted using 

unstained samples. For some of these samples, where Prochlorococcus could be 

r2 = 0.996 

a x 

y 

No. hours to uptake 1 nM leu = y/x  
 
No. hours to uptake ambient leu = a 
 
Ambient leu concentration (nM), C = a/(y/x) 
 
Fraction amino acid taken up d-1, F = 24/a 
 
Uptake rate (nM.d-1) = C x F 
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clearly separated from the heterotrophic bacteria, i.e. in deeper samples were cellular 

autofluorescence was higher (see chapter 3), cells were sorted from both unstained 

and SYBR Green I stained samples. Flow cytometry data was processed using either 

CellQuest (Beckton Dickinson, Oxford, U.K) or WinMDI 2.8 software. 

 

6.2.4 Methionine uptake by defined cell groups 

 

The relative contribution of distinct bacterioplankton groups to the total community 

uptake of methionine was determined using a combination of radiochemical 

incubations and flow cytometric sorting (Zubkov et al., 2001a). Water samples were 

incubated with 35S-methionine (0.5 nM final concentration) at ambient water 

temperature for 3 hours (AMT-13) or 2 hours (AMT-14 and 15) before fixation with PFA 

and freezing as described previously. The concentration of methionine used is at sub-

saturating concentrations (Table 5.1). Incubations were carried out in the dark in 2 ml 

polypropylene vials. 

 

Samples were prepared for flow cytometry as previously described and cells from the 

representative cell groups (chapter 3, Fig. 3.2) and all prokaryotes were sorted and 

collected directly onto 25 mm 0.2 µm nylon membrane filters. The amount of 35S 

retained on the filters was measured using an ultra-low level liquid scintillation counter 

(1220 Quantulus, Wallac, Finland). The measured counts per minute (CPMmeas) were 

corrected for radionuclide decay (CPMcorr) using the following equation:  

 

   CPMcorr = CPMmeas / e(-λt) 

 

 Where t = number of elapsed days since 35S-methionine manufacture 

 and λ (the decay constant)   =  ln2 / t0.5 

 t0.5 (the half life of the radioisotope)  =  87.5 days 

 

Three different numbers of cells between 500 and 50000 cells were sorted from each 

group and a regression line between the three results provided a mean CPM per cell 

with a mean standard error of counting of 5.3 %. Cellular methionine uptake for each 

sorted group was calculated as a proportion of the uptake by an average cell, 

determined from sorting the total stained cells. The abundance of cells in each cell 

group sorted was used to calculate the proportional contribution of each cell group to 

the total methionine uptake by all prokaryotes. In many surface samples it was not 

possible to separate Prochlorococcus from both the HNA groups as discussed in 
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chapter 3. Therefore the data from these two groups were combined after multiplying 

the activity per cell by the abundance of cells in each group. Rate measurements from 

HNAI and HNAII cell groups were not combined for the comparison with community 

composition data from flow sorted groups. The total methionine uptake in the water 

was determined by collecting three different volumes (50, 100 and 150 µl) of incubated 

sample onto filters and measuring the amount of 35S-methionine incorporated into 

particulate matter using the same method as for the sorted cell groups. 

 

In samples where the in situ methionine turnover was also measured using the 

bioassay described in section 6.2.2, this value was multiplied by the fractions of 

methionine uptake of each sorted cell group to determine the rate of methionine 

turnover for each cell group. During AMT-15, bacterial production measurements were 

the main focus of the work (chapter 5) hence the in situ methionine turnover was only 

determined at one station where cell sorting was conducted. Therefore for AMT-15, 

instead of using in situ methionine turnover rates, the rate of methionine uptake at 

saturating concentrations (see chapter 5) was used to calculate the theoretical 

maximum methionine uptake of each cell group. 

 

6.2.5 CARD-FISH 

 

Samples were either fixed as described previously, filtered through 47 mm 0.2 µm 

polycarbonate filters and stored at -80 ºC before analysis (AMT-12) or water samples 

were fixed and frozen for flow sorting prior to CARD-FISH. Water samples for flow 

cytometric sorting were sorted into the groups described previously and either collected 

directly onto 13 mm 0.2 µm polycarbonate filters (when using the FACScalibur 

instrument) or collected into autoclaved 1.5 ml tubes and subsequently pipetted onto 

small areas of 25 mm 0.2 µm polycarbonate filters to concentrate the cells (when using 

the MoFlo instrument). Oligonucleotide 16S rRNA probes labelled with horseradish 

peroxidase were hybridised with cells using a modified version of the CARD-FISH 

technique (Pernthaler et al., 2002). After removing any unbound probe by washing, 

tyramide molecules conjugated to fluorescein are attached to each probe through 

reaction with the horseradish peroxidase.  
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Table 6.1: 16S rRNA oligonucleotide probes used to analyse community 

composition and their target bacterial or archaeal groups. The formamide 

concentrations (FA conc.) used for each probe are also shown. 

 

Probe Target group Sequence FA conc. 
(%) Source 

EUB338 Bacteria GCTGCCTCCCGTAGGAGT 55 Amann et al., 
1990 

NONEUB 
Sense 
compliment to 
EUB338 

ACTCCTACGGGAGGCAGC 55 Wallner et al., 
1993 

EURY806 Euryarchaea CACAGCGTTTACACCTAG 20 B. Fuchs, 
pers. comm. 

CREN554 Crenarchaea TTAGGCCCAATAATCMTCCT 20 Massana et 
al., 1997 

CF319a 
Cytophaga-
Flavobacterium-
Bacteroides 

TGGTCCGTGTCTCAGTAC 55 Snaidr et al., 
1997 

Pla886 Planctomycetes GCCTTGCGACCATACTCCC 55 B. Fuchs, 
pers. comm. 

Alf968 Alpha 
Proteobacteria GGTAAGGTTCTGCGCGTT 55 Snaidr et al., 

1997 

Gam42a Gamma 
Proteobacteria GCCTTCCCACATCGTTT 55 Snaidr et al., 

1997 

SAR86 Core cluster of 
SAR86 TTAGCGTCCGTCTGTAT 55 Zubkov et al., 

2001 

Ros537 Roseobacter and 
SAR86 CAACGCTAACCCCCTCC 55 Eilers et al. 

2001 

Cya664 Cyanobacteria GGAATTCCCTCTGCCCC 55 Schonhuber 
et al., 1999 

405Pro Prochlorococcus AGAGGCCTTCGTCCCTCA 60 West et al., 
2001 

SAR406 Most of SAR406 CACCCGTTCGCCAGTTTA 45 B. Fuchs, 
pers. comm. 

SAR116-1 Top half SAR116 
cluster GCTACCGTCATCATCTTC 45 B. Fuchs, 

pers. comm. 

SAR116-2 Bottom half 
SAR116 cluster CATCTTCACCAGTGAAAG 45 B. Fuchs, 

pers. comm. 
 

 

The probes used and their respective target prokaryote groups are listed in table 6.1. 

Whole community samples, collected on filters from 25 m at 6 different stations along 

AMT-12 were screened with probes targeting general bacterioplankton groups. The 

results from these preliminary tests were then used to select more specific probes to 

target cells that were initially flow cytometrically sorted as described in 2.4. As a 

control, in addition to the group-specific probes, samples were also hybridised with the 

NON-EUB probe which is a complimentary sequence to the general bacterial probe 

EUB338. This probe was developed as a negative control to test for unspecific binding 

(Wallner et al., 1993). 
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A section of filter was cut and labelled for each probe and following the hybridisation, 

these were counterstained with the DNA stain, DAPI and mounted on glass slides. 

Fluorescent cells, both DAPI and probe labelled, were counted by epifluorescence 

microscopy (Fig. 6.2). A minimum of 300 DAPI cells were counted for each 

hybridisation. Duplicate counts were performed to obtain the standard error of the 

mean (SEM) of counting. 

 

Figure 6.2: (a) DAPI stained cells and (b) cells hybridised with the EUBI-III 

probe. Arrows indicate example cells with both a positive probe and DAPI 

signal. 

 

            
 

 

6.2.6 Permeabilisation experiment 

 

For hybridisation to occur, the probes must be able to penetrate the cell wall. When 

using probes directly conjugated to a fluorochrome, probe penetration is not normally a 

problem, however probes conjugated to horseradish peroxidase are considerably 

larger and are not able to pass through many bacterial walls freely. To increase the 

permeability of cell walls, incubation with lysozyme is frequently used to hydrolyse 

polysaccharides in the cell wall. Other methods used to permeabilise gram positive 

bacteria include an additional incubation with achromopeptidase and incubation in 0.1 

M HCl. 

 

In order to obtain the optimum permeabilisation method for maximum probe 

penetration without causing cell lysis for the AMT samples, three different regimes 

using recommended concentrations and incubation times (A. Pernthaler, personal 

communication) were tested as follows:  
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1. 60 minute incubation in 10 mg.ml-1 lysozyme solution 

2. 60 minute incubation in 10 mg.ml-1 lysozyme solution followed by a 30 

minute incubation in 60 U.ml-1 achromopeptidase solution 

3. 30 second incubation in 0.1 M HCl 

 

After permeabilisation, all filters were incubated with the general Eubacteria probe 

mixture, EUBI-III and counterstained with DAPI. Paired t-tests were used to compare 

the percentage of probe positive to DAPI positive cells between permeabilisation 

treatments. 

 

6.3 Results 

 

6.3.1 Amino acid concentration and uptake 

 

On both cruises, methionine concentrations and uptake rates were generally lower in 

the northern (NAG) and southern gyres (SAG) than the temperate and equatorial 

regions (Fig. 6.3). The highest uptake rate (0.97 nM.d-1) was located in surface waters 

of the northern temperate (NT) region during AMT-15 although the only other 

measurement in this region, also made during AMT-15, was considerably lower (0.25 

nM.d-1; Fig. 6.3). Linear regression analyses of concentration and uptake rates showed 

that methionine uptake was positively correlated with concentration only for AMT-14 

samples (Fig. 6.4; p = 0.021, n = 26).  
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Figure 6.3: Methionine uptake rates and ambient concentrations in surface 

waters along the AMT transect (data from AMT-14 and 15 are shown). Dotted 

lines indicate the approximate location of the boundaries of each province. 

 
 

Figure 6.4: Linear regression analysis between the ambient concentrations and 

uptake rates of methionine during AMT-14. The solid line is the line of 

regression and the equation and r2 values are shown. The dotted line 

represents a 1:1 relationship for reference. 

 
 

Despite similar methionine concentrations in surface waters in the southern gyre (SAG) 

during AMT-14 and 15, a considerably lower uptake rate was measured during AMT-15 

than AMT-14 (0.118 and 0.281 nM.d-1 respectively; Table 6.2). The methionine uptake 

rates were also lower during AMT-15 than during AMT-14 in the northern gyre despite 

a higher methionine concentration (Table 6.2), therefore indicating that the ambient 

methionine concentration did not limit uptake rates in this region during AMT-15. 
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Methionine concentrations were higher at the chlorophyll maximum (fmax) than in 

surface waters in all provinces and both cruises with the exception of the northern 

temperate region (NT) during AMT-15. In contrast, these higher methionine 

concentrations were associated with lower methionine uptake rates at the fmax than the 

surface. The NT province again differed from the remaining provinces, with a higher 

rate of methionine uptake at the fmax than in surface waters (Table 6.2). 

 

The ambient concentrations of leucine were slightly lower but in the same order of 

magnitude as the ambient methionine concentrations (Tables 6.2 and 6.3). In general, 

the turnover rates in surface waters of this smaller pool of leucine were greater than for 

the larger pool of methionine. In fact, the pool of leucine molecules was turned over 

more than once a day at all stations except one in the southern temperate region (ST), 

indicated by uptake rates greater than the concentration (Fig. 6.5). As was found for 

methionine, the rate of turnover of leucine was lower in the two gyres than in the 

temperate or equatorial regions. In contrast to methionine concentration, the 

concentration of leucine in the surface waters was higher in the northern gyre (NAG) 

than the southern gyre (SAG) during AMT-14 and vice versa on AMT-15 (Table 6.3, 

Fig. 6.5). Linear regression analyses showed that the rate of leucine turnover was not 

significantly correlated with the in situ concentration during either AMT-14 or 15 (p > 

0.05). 
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Table 6.2: Mean methionine concentrations and uptake rates at the depth of 

the chlorophyll maximum (fmax) and in surface waters (Surf) in each province 

during AMT-14 and 15. Where the number of samples (n) > 1, mean values with 

standard errors (SEM) are shown. 

 

  AMT-14 AMT-15 
Province Depth  Concentration 

(nM) ± SEM 
Uptake rate 
(nM.d-1) ± SEM 

Concentration 
(nM) ± SEM 

Uptake rate 
(nM.d-1) ± SEM 

Surf - - 0.698 ± 0.123 
n = 2 

0.609 ± 0.361 
n = 2 

NT 

Fmax - - 0.451 
n = 1 

0.963 
n = 1 

Surf 0.258 ± 0.044 
n = 2 

0.291 ± 0.026 
n = 2 

0.351 
n = 1 

0.152 
n = 1 

NAG 

Fmax - - 0.900 
n = 1 

0.133 
n = 1 

Surf 0.341 ± 0.060 
n = 6 

0.281 ± 0.022 
n = 6 

0.337 ± 0.154 
n = 2 

0.118 ± 0.004 
n = 2 

SAG 

Fmax 0.379 ± 0.073 
n = 7 

0.191 ± 0.015 
n = 7 

0.629 
n = 1 

0.082 
n = 1 

Surf - - 0.596 ± 0.071 
n = 2 

0.481 ± 0.141 
n = 2 

EQ 

Fmax - - 0.682 
n = 1 

0.365 
n = 1 

ST Surf 0.545 ± 0.079 
n = 2 

0.492 ± 0.072 
n = 2 

- - 

 

 

 

Figure 6.5: Leucine uptake rates and ambient concentrations in surface waters 

along the AMT transect (data from AMT-14 and 15 are shown). Dotted lines 

indicate the approximate location of the boundaries of each province. Note the 

logarithmic scale. 
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Table 6.3: Leucine concentrations and uptake rates at the depth of the 

chlorophyll maximum (fmax) and in surface waters (Surf) during AMT-14 and 15. 

Where the number of samples (n) > 1, mean values with standard errors (SEM) 

are shown. 

 

  AMT-14 AMT-15 
Province Depth  Concentration 

(nM) ± SEM 
Turnover rate 
(nM.d-1) ± SEM 

Concentration 
(nM) ± SEM 

Turnover rate 
(nM.d-1) ± SEM 

NT Surf 0.141 ± 0.062 
n = 2 

1.344 ± 0.116 
n = 2 

0.486  
n = 1 

1.120 
n = 1 

Surf 0.286 ± 0.144 
n = 3 

0.557 ± 0.105 
n = 3 

0.062 
n = 1 

0.300 
n = 1 

NAG 

Fmax - - 0.091 
n = 1 

0.089 
n = 1 

SAG Surf - - 0.158 ± 0.017 
n = 2 

0.193 ± 0.010 
n = 2 

EQ Surf - - 0.223 ± 0.126 
n = 2 

0.724 ± 0.488 
n = 2 

ST Surf 1.105 ± 0.920 
n = 3 

0.837 ± 0.281 
n = 3 

- - 

 

 

Significant correlations between both the methionine and leucine uptake rates and the 

abundance of heterotrophic bacteria demonstrate that the variability in amino acid 

uptake rates is due to variability in the abundance of heterotrophic bacteria (p < 0.05; 

Fig. 6.6). This is in contrast to the uptake of amino acids at saturating concentrations 

(chapter 5). When the abundance of heterotrophic bacteria and in situ amino acid 

uptake rates are examined for each cruise, the correlation between both factors is 

significant for methionine and leucine during AMT-14 (p < 0.001 and 0.32 respectively). 

During AMT-15, the leucine uptake rates significantly correlated with the abundance of 

heterotrophic bacteria (p < 0.001), however this was not the case for methionine 

uptake rates (p = 0.057). 
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Figure 6.6: Regression analyses of either methionine uptake rates (a) or 

leucine uptake rates (b) and the abundance of heterotrophic bacteria (HB) 

during both AMT-14 and 15 cruises. The solid lines are the line of regression 

and the equations, r2 values and p values are shown. The dashed lines indicate 

a 1:1 ratio for reference. 

a.      b. 

  
 

6.3.2 Contribution of cell groups to methionine uptake in surface waters 

 

Bacterioplankton were responsible for almost the entire methionine uptake in the water. 

The sum of the methionine uptake of each sorted cell group accounted for 91 ± 4.5 % 

(n = 22) of the total methionine uptake into particulate matter. 

 

Cells with low nucleic acid content  

 

The contribution of cells with low nucleic acid content (LNA) to the total methionine 

uptake in surface waters varied across the AMT-13, 14 and 15 transects with fractions 

between 0.2 and 0.5. Similar variability was found in the contribution of the LNA group 

to the total abundance of bacterioplankton with fractions ranging from 0.3 to 0.5 (Fig. 

6.7). There was no clear trend in the proportional contribution of the LNA cells to either 

methionine uptake or abundance in different provinces and between cruises. 

 

The variability in methionine uptake of the LNA group was not significantly correlated 

with the fractional abundance in surface waters during AMT-14 and 15 (p > 0.05, n = 9 

and 12). In contrast, a significant relationship was found between the fractional 

methionine uptake and fractional abundance of the LNA group during AMT-13 (linear 

P = 0.002 P = 0.001 
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regression, p = 0.0114, n = 17). This indicates that the variability in methionine uptake 

rates is due to variance in the abundance of the LNA cells rather than differences in the 

methionine uptake per cell along the AMT-13 transect, however the uptake per cell was 

not constant.  

 

The cellular methionine uptake of the LNA group as a proportion of the average cellular 

uptake varied between 0.59 and 1.35 along both AMT-13 and AMT-14 with no distinct 

differences between oceanic provinces (Fig. 6.8). Although similar proportions of the 

average cellular uptake were obtained in the northern temperate, southern temperate 

and equatorial regions along AMT-15 as during AMT-13 and 14, more variability in the 

LNA cellular uptake was observed in other regions. At approximately 21 ºN on AMT-15, 

the average LNA cell took up methionine at almost double the rate of an average 

bacterioplankton cell. This station was located close to the NW African coast in the 

centre of the upwelling region (Fig. 3.1), although the same region sampled on AMT-13 

did not produce a similar peak in LNA cellular activity. Other differences in the LNA 

cellular activity during AMT-15 compared to the previous cruises were observed in the 

SAG: a high proportional uptake (1.8 times the uptake rate of an average cell) at 25 ºS 

and the lowest LNA proportional activity of 0.25 at 18 ºS (Fig. 6.8).  

 

Neither the fractional methionine uptake of the total community uptake nor the 

proportional cellular uptake of the LNA cell group were related to changes in 

temperature along the AMT transects (linear regressions, p > 0.05). 
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Figure 6.7: Contribution of cells with low nucleic acid (LNA) content to the total 

community methionine uptake (a, c and e) and the total abundance of bacterioplankton 

(b, d and f) in surface waters during AMT-13, 14 and 15. 

 

a. Fraction of methionine uptake (AMT-13) b. Fraction of abundance (AMT-13) 

  
c. Fraction of methionine uptake (AMT-14) d. Fraction of abundance (AMT-14) 

      
e. Fraction of methionine uptake (AMT-15) f. Fraction of abundance (AMT-15) 
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Figure 6.8: Cellular methionine uptake of cells with low nucleic acid (LNA) content as a 

proportion of the average bacterioplankton cellular uptake in surface waters along 

AMT-13 (a), AMT-14 (b) and AMT-15 (c). Dotted lines indicate the approximate position 

of province boundaries. 

a.      b. 

  
c. 

 
 

Cells with high nucleic acid content  

 

Due to the difficulties in separating Prochlorococcus from heterotrophic bacteria in 

some surface samples, data for the high nucleic acid cell group include 

Prochlorococcus. The fractional contribution of cells with high nucleic acid (HNA) 

content to methionine uptake varied between approximately 0.4 and 0.8 with no clear 

trend along any of the three transects (Fig. 6.9). As was found for the LNA group, the 

fractional methionine uptake of the HNA cell group significantly correlated with the 

fractional abundance during AMT-13 (linear regression, p = 0.01, n = 17) but not during 

AMT-14 (p = 0.43, n = 9) or AMT-15 (p = 0.27, n = 12). 
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Figure 6.9: Contribution of cells with high nucleic acid (HNA) content to the total 

community methionine uptake (a, c and e) and the total abundance of bacterioplankton 

(b, d and f) in surface waters during AMT-13, 14 and 15. 

 

a. Fraction of methionine uptake (AMT-13) b. Fraction of abundance (AMT-13) 

 
c. Fraction of methionine uptake (AMT-14) d. Fraction of abundance (AMT-14) 

  
e. Fraction of methionine uptake (AMT-15) f. Fraction of abundance (AMT-15) 
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Methionine uptake rates per cell for the HNA group varied between 71 % and 223 % of 

the uptake of an average bacterioplankton cell over all three cruises. During AMT-13, 

cellular methionine uptake rates of the HNA group were generally more stable along 

the transect than during AMT-14 and 15 with the exception of four stations in the 

southern temperate and southern gyre provinces where the uptake rates were 

considerably higher than an average bacterioplankton cell (Fig. 6.10). Variability in 

proportional uptake rates of the HNA cell group did not follow any pattern between 

different cruises or provinces.  

 

Cellular uptake rates were generally higher for the HNA group than the LNA group in all 

provinces although the differences were not statistically significant (t-test, p > 0.05). 

The lowest cellular methionine uptake rates for the HNA group were found in the 

southern gyre along with the lowest rates of methionine uptake for the LNA group 

(Table 6.4). 

 

As to be expected from the large scatter of data along the transects, there were no 

relationships between the fractional methionine uptake of the total community uptake or 

the proportional cellular uptake of the HNA cell group and temperature (linear 

regressions, p > 0.05). 
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Figure 6.10: Cellular methionine uptake of cells with high nucleic acid (HNA) 

content as a proportion of the average bacterioplankton cellular uptake in 

surface waters along AMT-13 (a), AMT-14 (b) and AMT-15 (c). Dotted lines 

indicate the approximate position of province boundaries. 

a.       b. 

  
c. 
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Table 6.4: Average cellular uptake rates of methionine in surface waters of 

each province for cells with low (LNA) and high (HNA) nucleic acid content. 

Values were calculated by multiplying the fractional contribution of each sorted 

group to the total community uptake by the total methionine uptake at saturating 

concentrations (AMT-15). Where the number of samples (n) > 1 the standard 

error of the mean (S.E.M.) is also shown.  

 

 Mean uptake ± S.E.M. (amol.cell-1.d-1) 
Province LNA HNA 

NT 0.79 ± 0.56  
n = 2 

0.98 ± 0.56 
n = 2 

NAG 1.34 ± 0.70 
n = 3 

1.21 ± 0.66 
n = 3 

EQ 1.00 ± 0.63 
n = 2 

1.64 ± 0.23 
n = 2 

SAG 0.36 
n = 1 

0.53 
n = 1 

ST 1.22 
n = 1 

1.81 
n = 1 

 

 

6.3.4 The effect of depth on methionine uptake 

 

The uptake of methionine by different cell groups was determined at the depth of the 

chlorophyll maximum (fmax) at nine stations during AMT-15. There was no trend in the 

fractional contribution of either cells with low (LNA) or high (HNA) nucleic acid content 

to the total methionine uptake between the surface and the fmax across the whole 

transect (Fig. 6.11). However when the actual uptake values of each cell group are 

compared at specific stations, differences are observed between the surface and the 

fmax (Fig. 6.12).  
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Figure 6.11: Contribution of cells with low nucleic acid (LNA) and high nucleic 

acid (HNA) content to the total community methionine uptake (a) and the total 

abundance of bacterioplankton (b) at the chlorophyll maximum (fmax) during 

AMT-15. 
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Figure 6.12: Methionine uptake by cells with low (LNA) and high (HNA) nucleic 

acid content at the surface and the fmax at six stations during AMT-15. 

a. LNA 

 
 

b. HNA 

 
 

At At 21 ºN in the North West African upwelling region, the LNA group take up most of 

the methionine in surface waters and the HNA group take up most of the methionine at 

the fmax (Fig. 6.12). At the fmax, the HNA group constitute a greater proportion of the total 

cell abundance than in surface waters in the North West African upwelling (0.7 

compared to 0.5) thus explaining their higher total uptake of methionine. However, the 

higher methionine uptake in the LNA group at the surface cannot be explained by a 

higher abundance, with the fractional abundance of this group remaining at 0.3 of the 

total community. Therefore the higher methionine uptake of the LNA group in surface 

waters in this region indicates a higher cellular activity than the HNA group.  
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6.3.4 Comparison between in situ and maximum methionine turnover rates 

 

During AMT-13 and 14, in situ total methionine uptake rates were used in conjunction 

with the fraction of methionine uptake for each cell group to determine the amount of 

methionine taken up by each cell group per day. In both the northern (NAG) and 

southern (SAG) gyres, these rates did not differ greatly from the maximum methionine 

uptake rates determined by incubating samples at saturating methionine 

concentrations during AMT-15 (Fig. 6.13). In the equatorial province (EQ) at saturating 

methionine concentrations, all cell groups took up more methionine resulting in a total 

methionine turnover rate over double that at in situ methionine concentrations.  

 

The only province where the total methionine uptake rates decreased at saturating 

concentrations relative to the in situ concentrations was in the North West African 

upwelling province (UP). There is a large difference in the methionine uptake rates of 

both the LNA and HNA cell groups in this province with HNA having a higher turnover 

rate at in situ concentrations and LNA having a higher turnover rate at saturating 

methionine concentrations (Fig. 6.13). A similar pattern is also observed in the 

southern temperate region (ST) where the methionine turnover rates are higher in the 

LNA group at saturating concentrations (Fig. 6.13). 
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Figure 6.13: Mean methionine uptake rates for each sorted cell group in each 

province in surface waters at in situ concentrations during AMT-13 and 14 (a) 

and at saturating concentrations during AMT-15 (b). Error bars represent the 

standard error of the mean (SEM). Note the logarithmic scale used. 

a.  

 
b. 
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6.3.5 CARD-FISH 

 

Permeabilisation experiment 

 

Samples treated with lysozyme only, produced between 48.5 and 62.5 % (mean 54.5 ± 

1.9 %) probe positive cells out of the total number of DAPI positive signals. When an 

incubation with achromopeptidase was added, significantly higher percentages 

(between 72.6 and 92.1 %; mean 83.9 ± 3.9; paired t-test, p < 0.001, n = 7) of probe 

positive cells were obtained from the same samples. For both techniques, a greater 

percentage of hybridised cells were observed in the higher latitude regions compared 

to lower latitudes. The percentages of cells hybridised with the EUBI-III probe following 

permeabilisation with 0.1 M HCl were 62.4 and 68.9 % (n = 2), this was lower than that 

obtained using the lysozyme and achromopeptidase treatment (73.2 and 86.9 %; n = 

2). Therefore the optimum permeabilisation method for these samples was the 

combination of lysozyme and achromopeptidase incubations and this was used for all 

the hybridisations used to examine community composition. 

 

Community composition 

 

In unsorted samples from AMT-12, high percentages of DAPI stained cells hybridised 

with the general bacterial probe (EUBI-III) with values ranging from 71 % in the 

equatorial region (EQ) to 92 % in the northern (NAG) and the southern (SAG) gyres 

(Fig. 6.14). However, less than 60 % of the DAPI stained cells were hybridised with the 

group specific probes tested. Cyanobacteria (Cya 664) comprised most of the 

hybridised cells in all samples apart from one in the NAG at 24 ºN. The largest 

proportion of cells apart from the cyanobacteria hybridised with the Cytophagales-

Flavobateria (CF319a), Alpha (ALF968) and Gamma-Proteobacteria (GAM42a) 

specific probes. Crenarchaea (CREN554) were present at less than 1 % and 

Euryarchaea (EURY806) and Planctomycetes (PLA886) were present at less than 3 % 

of DAPI positive cells in all samples (Fig. 6.14). In all samples, cells hybridised with the 

NON-EUB probe were less than 1 % of the total DAPI stained cells. 
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Figure 6.14: Community composition of whole water samples from 25 metres 

at six stations determined by CARD-FISH. % of DAPI stained cells hybridised 

with EUBI-III (a) and with group specific probes (b). Error bars represent the 

standard error of counting. 

a. 

 
b.  

 
 

 

 

Community composition of flow sorted cell groups 

 

To further define the community composition and to compare this to methionine uptake 

rates, water samples were flow sorted into the same groups used for rate 

measurements before being hybridised with group specific probes. A high majority of 

DAPI positive cells from each sorted cell group were hybridised with the EUBI-III probe 

(between 74 and 100 %; Fig. 6.15). The majority of cells could be hybridised with group 
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specific probes in the LNA cell group only (Fig. 6.15). In this group, in surface waters 

between 55 and 81 % (mean 70 ± 2.0 %; n = 12) of DAPI positive cells hybridised with 

the SAR11-441R probe (targeting the majority of SAR11 cells) and between 37 and 69 

% (mean 49 ± 2.4 %; n = 12) of DAPI positive cells hybridised with a more specific 

SAR11 probe, targeting the SAR11-A1 subgroup. 

 

In both the HNA I and HNA II sorted cell groups, the highest proportion of cells that 

could be hybridised with group specific probes were in the southern temperate region 

(ST) at 31 and 38 ºS where approximately 40 % of DAPI positive cells hybridised with 

the Cytophagales-Flavobacteria probe (CF319a; Fig. 6.15). Over 20 % of DAPI positive 

cells in the HNA II group were Prochlorococcus (405 Pro) in all three stations in the 

equatorial province (EQ) and one station in the ST whereas Prochlorococcus were not 

found in any of the HNA I sorted cells. Roseobacter cells were found at less than 10 % 

of the total DAPI positive cells in the HNA II cell group but none were found in the HNA 

I group (Fig. 6.15). SAR 11 cells were also found in the HNA I and II cell groups at a 

few stations, although these were generally at low concentrations. A small percentage 

of SAR 86 cells were also found in the northern (NT) and southern (ST) temperate 

regions in the HNA I cell group. Probes targeting the SAR 406 and SAR 116 cell 

groups were also tested with no positive signals in any of the sorted cell groups. In all 

samples from each cell group, less than 1 % of the total DAPI stained cells hybridised 

with the NON-EUB probe. 

 

There was no clear relationship between methionine uptake rates for each sorted cell 

group and community composition (Fig. 6.15). Due to the dominance of SAR 11 and 

the failure to detect any other groups of bacterioplankton in the LNA group, the uptake 

of methionine by this group can be ascribed to SAR 11. Cells from the HNA I and HNA 

II groups belonged to several different phylogenetic groups and in most samples less 

than 50 % of the cells could be identified using the group specific probes used in this 

study. Therefore it is more difficult to link the uptake of methionine in each flow sorted 

group to specific bacterial clades. 
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Figure 6.15: Community composition and methionine (met) uptake rates 

(where available) of each sorted cell group in surface waters; LNA (a); HNA I 

(b) and HNA II (c). Methionine uptake rates are based on incubations at 

saturating concentrations except from the samples marked with a * where the in 

situ uptake rates are shown. Error bars represent the standard error of counting 

calculated from duplicate counts. 

a. LNA 

 
b. HNA I 

 
c. HNA II 

 

* * 
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The concentrations of bacterial groups in each sample were calculated by multiplying 

the percentages of cells hybridised with each probe by the concentration of each sorted 

cell group (LNA, HNA I and HNA II) determined by flow cytometry. The number of cells 

that hybridised with the group specific probes constituted between 35 and 49 % of the 

total abundance of bacterioplankton (mean 40.3 ± 2.2 %).  

 

The SAR 11 clade was the most abundant group in all provinces. The highest 

concentrations were found in the southern (ST) and northern (NT) temperate regions 

and the southern gyre (SAG) with lower concentrations in the northern gyre (NAG) and 

equatorial provinces (EQ). Cytophaga-Flavobacterium-Bacteroides were the next most 

abundant group with the highest concentration in the SAG and the lowest in the NAG 

(Table 6.5). The concentrations of Prochlorococcus calculated from hybridisations with 

the 405Pro probe following cell sorting were approximately 10 % of the concentrations 

determined by flow cytometry (chapter 4). Prochlorococcus cells can be found in both 

the HNA I or HNA II cell groups, therefore the 90 % of the Prochlorococcus cells not 

hybridised with the 405Pro probe may account for the large proportion of unidentified 

cells in the groups of cells with high nucleic acid.  

 

Table 6.5: Mean concentration of SAR 11, Cytophaga-Flavobacterium-

Bacteroides (CF), Roseobacter (Rsb), Prochlorococcus (Pro) and SAR 86 

bacteria in surface waters in different provinces. Where the number of samples 

(n) > 1, the standard error of the mean (S.E.M.) is also shown. 

 

 Cell concentration ± S.E.M. (x 103 cells.ml-1) 

Province SAR 11 CF Rsb Pro SAR 86 

NT 332.6 ± 31.7 
(n = 2) 

32.2 
(n = 1)  

8.1 
(n = 1) 

0 
(n = 1) 

21.2  
(n = 1) 

NAG 156.4 ± 16.1 
(n = 2) 

10.3 ± 3.3 
(n = 2) 

2.0 ± 1.2 
(n = 2) 

4.8 ± 1.0 
(n = 2) 

4.0 ± 4.0 
(n = 2) 

SAG 327.0 
(n = 1) 

76.6  
(n = 1) 

1.8 
(n = 1) 

6.4 
(n = 1) 

0.7 
(n = 1) 

EQ 185.6 ± 13.8 
(n = 3) 

29.2 ± 5.9 
(n = 3) 

10.2 ± 2.5 
(n = 3) 

33.6 ± 7.4 
(n = 3) 

0.6 ± 0.6 
(n = 3) 

ST 426.5 
(n = 1) 

- - - - 
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6.4 Discussion 

 

6.4.1 Is the uptake of amino acids concentration dependent? 

 

Ambient concentrations of methionine and leucine calculated from concentration series 

bioassays agree with other reported values for the southern Atlantic gyre estimated 

using the same method. Zubkov et al. (2004) reported an average methionine 

concentration in surface waters of the southern gyre (SAG) of 0.40 nM compared to 

0.34 nM in this study. The lower average leucine concentration of 0.16 nM in surface 

waters of the SAG was also comparable to the concentration reported in Zubkov et al 

(2004; 0.19 nM). 

 

The higher estimated concentrations of leucine and methionine at the chlorophyll 

maximum compared to the surface waters is consistent with previous studies (Zubkov 

et al., 2004). Correlation between methionine concentration and uptake rates during 

AMT-14 suggests that uptake of these amino acids is limited by the ambient 

concentration. However, this was not the case during AMT-15. In some samples, high 

amino acid uptake rates were associated with low ambient concentrations. In the 

equatorial upwelling region and the northern temperate region, the pool of leucine 

molecules was actively cycled with the amount of leucine incorporated per day into 

bacterioplankton more than double the concentration. High amino acid uptake rates 

may act to maintain a low ambient concentration in these regions.  

 

It would be tempting to suggest that a high rate of turnover of the amino acid pool 

occurs in regions with a high rate of organic nutrient supply, thus sustaining high 

uptake rates. This explanation is valid for the equatorial and northern temperate 

regions, where increased inorganic nutrient supply supports a higher rate of primary 

production and increased biomass relative to the oligotrophic gyres. However, during 

AMT-15 in the northern gyre, leucine was taken up at a rate of 0.30 nM.d-1 despite a 

low ambient concentration of 0.06 nM. In the oligotrophic gyres, biomass and rates of 

primary production are low, resulting in a reduced supply of dissolved organic matter 

(DOM) compared to the more dynamic upwelling and temperate regions. Therefore it 

would be expected that the pool of amino acids would by cycled at a lower rate in the 

oligotrophic gyres with the uptake of amino acids lower in comparison to the ambient 

concentration.  
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Previous research has highlighted the importance of mesoscale eddies in the finescale 

upwelling of nitrate to support phytoplankton growth in the North Atlantic gyre 

(Mahaffey et al., 2004; McGillicuddy et al., 1998). Isolated hotspots of increased DOM 

resulting from eddy-induced increases in primary production could cause a temporary 

increase in the activity of heterotrophic bacterioplankton thus explaining the high 

turnover of the leucine pool in the northern gyre. The higher turnover of the leucine 

pool compared to the methionine pool in the gyres indicates the differential cycling 

rates of different dissolved free amino acids. 

 

6.4.2 Methionine uptake rates of cells with high and low nucleic acid content 

 

The lowest cellular activities were found in each sorted cell group in the southern gyre. 

At in situ methionine concentrations in surface waters the HNA cell group was more 

active than the LNA group but at saturating methionine concentrations the LNA group 

were more active than the HNA group. This indicates that the LNA group is more 

successful in higher amino acid concentrations. The LNA group is comprised mainly of 

cells from the SAR 11 clade and previous research indicates that these cells are more 

successful in oligotrophic environments (Morris et al., 2002 and Giovannoni et al., 

2005). This contrasts with the results presented here. The comparison between uptake 

rates at in situ and saturating methionine concentrations were made on different 

cruises. It has been demonstrated that cellular and community methionine uptake is 

variable within provinces along and between each of the three transects. The upwelling 

region is a physically dynamic region with high variation in nutrient concentrations over 

relatively small spatial scales. Therefore the difference observed between activity in the 

LNA and HNA groups at differing met saturation levels may be due to the cells being in 

different conditions on the different cruises. 

 

Methionine uptake rates for each sorted cell group did not relate to changes in 

community composition detected in this study. The CARD-FISH technique is more 

sensitive at detecting small cells with low rRNA content than the standard FISH 

technique (Pernthaler et al., 2002) however, with the suite of probes used here a large 

proportion of the community (approximately 60 %) remained uncharacterised. The 

Alpha and Gamma-Proteobacteria probes did not hybridise with all the cells in these 

groups as demonstrated by the higher hybridisation percentages observed with probes 

targeting only certain groups within the Alpha and Gamma-Proteobacteria clades. The 

probes were replaced with new probes, however lower values were still obtained. It 

could be that the more specific probes, such as the SAR 11 probes hybridised with 
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additional cells outside of the Alpha-Proteobacteria clade. However, as the results were 

consistent between two different SAR 11 probes it is more likely that the Alpha-

Proteobacteria probe failed to hybridise to all the cells in this clade. This could be either 

due to either too high stringency of hybridisation conditions or failure to target all the 

Alpha-Proteobacteria, although the probe is complimentary to the majority of known 

Alpha-Proteobacterial 16S rRNA sequences found in databases. Therefore the values 

obtained from the Alpha and Gamma-Proteobacteria probes were not included in the 

comparison between community composition for the flow sorted cell groups. 

 

The separation of bacterioplankton into the three flow cytometrically defined groups; 

LNA, HNAI and HNAII was a useful tool to examine the community structure in the 

Atlantic Ocean. There was little overlap of different bacterial clades between the 

different flow sorted groups thus indicating the validity of using side scatter and nucleic 

acid content for defining distinct phylogenetic groups. SAR11 dominance of the LNA 

group has been reported previously (Mary et al., 2006) and the low nucleic acid content 

of these cells measured by SYBR Green I fluorescence indicates their small genome 

size (Giovannoni et al., 2005). 

 

Both HNA sorted cells groups contained cells from the Cytophaga-Flavobacterium-

Bacteroides in similar proportions. From the flow cytometry dotplots, there was 

generally a good separation between the HNAI and HNAII groups and so the 

occurrence of these bacteria in both sorted groups may be due to different species 

within this clade. Another explanation is that the Cytophaga-Flavobacterium-

Bacteroides are actively dividing and the cells in the HNAII group are the larger cells 

prior to cell division after which they would be smaller and located within the HNAI 

group. Roseobacter sp. and Prochlorococcus sp. cells were only found in the HNAII 

sorted cell group, indicating relatively large cell sizes. 

 

The uncharacterised sorted and unsorted bacterioplankton cells in this study may have 

been dormant or less active cells with low amounts of rRNA. The probes chosen for 

this study were based on clone libraries carried out previously on AMT-6 samples and 

samples from the Arabian Sea in conjunction with other published studies of oceanic 

bacterioplankton community composition. If more time was available, further clone 

libraries could be constructed from various stations along the transect and more probes 

specific to these samples designed. In particular it would be useful to optimise probe 

design and hybridisation of Prochlorococcus sp. to gain a better correlation of 

abundance with flow cytometric counting.  
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Chapter 7 

General Discussion 

 

Bacterioplankton play an important role in the recycling of organic nutrients in the 

upper ocean via the microbial loop. The activity and composition of bacterioplankton 

in the Atlantic Ocean was studied within three main objectives as follows: 

 

1. To determine the microbial community composition and how this varies both 

vertically in the water column and latitudinally along each transect. 

2. To examine the flow of carbon through the microbial loop. 

3. To determine the metabolic activities of dominant bacterial groups in order to 

assess the influence of microbial community composition on biogeochemical 

cycles. 

 

Flow cytometric analysis of the bacterioplankton along seven transects of the Atlantic 

Ocean and in the Scotia Sea enabled the identification of distinct provinces with 

characteristic abundances and biomass of bacterioplankton groups. The photic zone 

of the oligotrophic northern and southern gyres had a high abundance of 

Prochlorococcus and the lowest abundances of heterotrophic bacteria in the Atlantic 

Ocean. The equatorial region was characterised by similarly high surface 

abundances of Prochlorococcus but also much higher concentrations of 

Synechococcus and heterotrophic bacteria. The northern and southern temperate 

regions of the Atlantic Ocean typically contained the highest abundance of 

Synechococcus, relatively high concentrations of heterotrophic bacteria and little or 

no Prochlorococcus.  

 

The location of some stations sampled in the Scotia Sea were relatively close to the 

southern temperate region sampled on the AMT cruises, however the 

bacterioplankton community was distinctly different. The autotrophic microbial 

community was dominated by larger eukaryotic picoplankton with very few 

Synechococcus and the concentration of heterotrophic bacteria in the offshore region 

was almost half of that in the southern temperate region of the Atlantic Ocean. 

 

There was little overall inter-annual variability in bacterioplankton abundances and 

biomass in the oligotrophic gyres and the equatorial region of the Atlantic Ocean 

indicating the stability of these large-scale biomes. 
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The relationship between bacterial production and primary production was used to 

quantify and compare the importance of the microbial loop in different provinces of 

the Atlantic Ocean. Bacterial production was highest in the more nutrient rich waters 

of the temperate, equatorial and North-West African upwelling regions and lowest in 

the oligotrophic northern and southern gyres, however this was not a function of 

heterotrophic bacterial abundance. It was hypothesised that the role of the microbial 

loop in recycling nutrients would be greater in the oligotrophic gyres due to a lower 

rate of primary production. This was true for the northern Atlantic gyre although not 

the case in the southern Atlantic gyre. It may be that a larger proportion of the 

heterotrophic bacterioplankton were dormant or less active in the southern gyre 

compared to the northern gyre.  

 

Under objective three of this study, the metabolic activities of defined 

bacterioplankton groups and the effect of community composition were quantified 

using a combination of flow cytometric sorting and radiotracer uptake or CARD-FISH. 

 

One major outcome of this project is the quantification and linking of bacterioplankton 

metabolic activity with community composition. It would be expected that the small 

genome and cell size (Giovannoni et al., 2005) of the SAR11 clade of 

bacterioplankton would result in a reduced requirement for DOM compared to the 

larger bacterioplankton such as Roseobacter sp. It has been shown that the LNA 

group of flow sorted cells are almost entirely comprised of SAR11 bacteria which has 

made it possible to quantify the rate of DOM cycling in this dominant group of 

bacterioplankton. Previous research has indicated that SAR11 are responsible for up 

to 50 % of total amino acid turnover (Malmstrom et al., 2004). Unlike the previous 

estimations of SAR11 activity, this project has enabled more precise estimates of 

amino acid turnover rates for this group and shows that they are as active as an 

average bacterioplankton cell and are responsible for between 30 and 50 % of the 

total methionine turnover. 

 

Difficulty in characterising the community composition of the remaining fraction of the 

bacterioplankton using CARD-FISH may reflect a large proportion of the HNA cell 

group containing dormant or less active cells with low numbers of ribosomes. Over 

most of the Atlantic Ocean, the majority of methionine uptake was due to cells from 

the HNA group, however, it is likely that only a few cells in this sorted group were 

actively cycling methionine and that many of the sorted cells were dormant or had 

low metabolic rates . Due to the usually larger cells size and higher DNA content of 
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these cells compared to the LNA group, it is expected that these cells would have a 

greater requirement for methionine and other amino acids. The oligotrophic 

conditions over much of the Atlantic Ocean may inhibit the activity of many of these 

larger cells, thus reducing their ribosomal content. 

 

Bacterioplankton abundances and biomass have been characterised for the major 

Atlantic Ocean regions. In addition the role of the microbial loop has been found to be 

more significant in the northern oligotrophic gyre compared to the other Atlantic 

Ocean provinces examined. An important role for SAR11 bacteria in the oceanic 

cycling of amino acids has been demonstrated and this clade has been shown to be 

proportionally as important in oligotrophic as well as more mesotrophic environments. 

This provides valuable insight into ecosystem functioning in these regions and when 

combined with studies of grazing rates and export rates from the photic layer helps to 

further understand biogeochemical cycles in the ocean.  
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Appendix A: Amino acid uptake rates in 50 % diluted cultures from surface water 

taken from the UP (i), NAG (ii) and SAG (iii). 

i.      ii. 

 
 

iii. 
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Appendix B: Biomass-normalised bacterial production (BP) at different depths along 

the AMT-15 transect. 

 
a. Surface (n = 15)     b. Fmax (n = 15) 
 

 

c. 0.1 % Light level (n = 11) 



 148 

Appendix C: Bacterial production as a percentage of Primary production (BP/PP) as 

calculated using methionine uptake on AMT-14 (a) and AMT-15 (b) and calculated 

using leucine uptake on AMT-15 (c). Note the different scale used for AMT-14. 

a. 

 
b. 

 
c. 
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