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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES 

Ocean and Earth Sciences 

Thesis for the degree of Doctor of Philosophy 

DESCRIBING THE FATE OF DIAZOTROPH-DERIVED NEW NITROGEN 

Elizabeth C. Sargent 

Marine diazotrophs play an important role in marine biogeochemical cycles by 

fixing N
2

 into bioavailable forms, thus sustaining oceanic productivity over 

broad timescales through maintenance of bioavailable nitrogen stores. 

However, as assessments of diazotrophic organisms are traditionally 

constrained to the upper ocean, the fate of diazotroph-derived new nitrogen is 

not clear. Many previous assessments of the fate of diazotrophs has assumed 

that the majority of new nitrogen produced in these organisms is recycled in 

the upper ocean through the microbial loop and that diazotroph contribution 

to export is minimal except following blooms of diazotrophic diatom 

associations (DDAs). In this study, a combination of light microscopy, 

transmission electron microscopy, and qPCR of sinking particulate material 

from the subtropical and tropical Atlantic Ocean and Gulf of Mexico has 

revealed that filamentous, heterocystous and unicellular cyanobacterial 

diazotrophs are present below 100 m, and provides some of the first evidence 

that this appears to be a widespread occurrence. Herein we identify the 

mechanisms by which diazotrophs are exiting the mixed layer via passive 

sedimentation, aggregation, and incorporation in faecal material. Diazotrophs 

also appear to be contributing to the export of particulate organic nitrogen 

with Trichodesmium composing up to 3% of PON standing stock and 1 – 17.5% 

of PON flux at 10 m below the mixed layer in the (sub-)tropical Atlantic Ocean. 

The likelihood that the subsequent remineralisation of diazotroph-derived 

material at depth is contributing to the N* anomaly observed in the 

thermocline in the North Atlantic sub-tropical gyre is also discussed. This work 

provides some of the first descriptions of mechanisms by which diazotrophs 

contribute to these anomalous nutrient distributions, such as through 

remineralisation of diazotroph biomass following cellular lysis. These results 

aid in the elucidation of the extent to which Trichodesmium and other 



 

 

diazotrophs are contributing to the biogeochemistry of deeper waters and 

provides novel insight into the cycling of fixed nitrogen in the oligotrophic 

ocean. 
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1. Introduction 

 

Phytoplankton and other microbes are ubiquitous throughout the 

global oceans and are fundamental contributors to the Earth system. Many 

of these organisms are photoautotrophic, and are thus capable of 

influencing atmospheric carbon dioxide (CO
2

) concentrations through 

primary production, the photosynthetic conversion of aqueous CO
2

 into 

particulate organic material (POC). This creates disequilibrium at the air-sea 

interface resulting in oceanic uptake of CO
2

 (Sabine et al. 2004).  

Primary production is also dependent on light and nutrient availability. 

In addition to CO
2

, phytoplankton also assimilate nutrients, such as nitrate 

and phosphate, into their cells. The source of these nutrients, specifically 

nitrate, has implications for carbon cycling. New production, or production 

utilising allocthonous nitrate inputs to the surface ocean (Dugdale and 

Goering 1967) can be used to approximate export of organic matter to the 

deep ocean (Eppley and Peterson 1979) and is unique to regenerated 

production, which results from the uptake of nutrients that have been 

recycled and regenerated in the form of ammonia (Dugdale and Goering 

1967). The resultant ecological interactions and biological transformations 

of the phytoplankton-produced particulate organic material (POM) is the 

foundation of almost all other life in the sea. 

 

1.1 Marine Particulate Organic Matter 

 

Particulate Organic Matter (POM) encompasses a variety of organic 

compounds. Autotrophic fixation of carbon and biological uptake and 

incorporation of nitrogen, and phosphorus into biomass typically occurs in a 

relatively conserved ratio known as the Redfield ratio. Redfield (1934) 

documented that on average, phytoplankton biomass in the euphotic zone 

has a carbon to nitrogen to phosphorus (C:N:P) ratio of 106:16:1, but this 

ratio can be quite plastic across ocean regions and in different depth ranges 
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(Arrigo 2005). Regardless, an excess or deficit in the availability of any of 

these elements can promote or limit the growth and productivity of different 

phytoplankton and thus the fate of their biomass, which has implications for 

biogeochemical cycles of carbon, nitrogen and phosphorus. 

 

1.2 Biological Carbon Pump (BCP) 

 

The biological carbon pump (BCP) is the downward export, or transfer of 

carbon from the surface to the ocean’s interior, of biogenic material (Volk 

and Hoffert 1985; Falkowski et al. 1998; Boyd and Trull 2007). This POM 

includes phytoplankton biomass, zooplankton faecal material, and resultant 

detritus, which can be subsequently colonised by heterotrophic bacteria, 

often resulting in further breakdown, remineralisation and eventual mixing 

and recycling of the resultant nutrients and dissolved carbon into the upper 

ocean. However, some of that POM continues to settle through the water 

column with eventual sequestration of the material to the deep ocean where 

it remains isolated from the atmosphere. This loss of material from the 

surface layer results in a continual disequilibrium of ocean-atmosphere CO
2

 

concentrations driving continued uptake of CO
2

 by the oceans (Volk and 

Hoffert, 1985). The ocean is a major global reservoirs of carbon, is crucial in 

the global carbon cycle and hence in the regulation of climate. In the 

~12,000 years prior to the industrial era, and excluding the earth’s crust 

and sediments, the deep ocean held an order of magnitude more carbon 

than all other carbon reservoirs combined (Sigman and Boyle 2000). 

Following industrial revolution, anthropogenic activities have resulted in an 

unprecedented increase in atmospheric CO
2

 to 390.5 ppm as of 2011 

compared to 278.9 ppm in 1750 (Hartmann et al. In press). The ocean has 

been integral in buffering this increase as without continued oceanic uptake, 

we would currently be facing atmospheric CO
2

 concentrations in excess of 

450 ppm (Doney et al. 2009). 
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1.2.1 Mechanisms of Export  

 

There are a variety of mechanisms by which export of POM occurs in 

the oceans, such as aggregation and sinking of marine snow, grazing and 

faecal pellet production, passive sedimentation, and active transport of POM 

by eddies. Marine snow consists of large (>0.5 mm) aggregate particles that 

are typically composed of a mixture of phytodetritus, refractory material, 

biominerals, and mucoid matrices or other polymeric materials (Alldredge 

and Silver 1998). The size, sinking speed, and composition of marine snow 

varies widely (Alldredge and Gotschalk 1988), although ballasting of 

biominerals is thought to increase sinking rates and aid in direct transfer of 

POM to depth (Armstrong et al. 2002; Sanders et al. 2010; Riley et al. 2012). 

Faecal material is also a large contributor to POM export as faecal pellets are 

dense and often have enhanced sinking speeds (Alldredge and Silver 1988; 

Turner 2002; Wilson et al. 2008). Other particles such as dead zooplankton 

or large phytoplankton may sink passively through the water column. These, 

and breakdown products of marine snow aggregates and faecal material, 

compose the slow sinking pool of POM, and may be more susceptible to 

remineralisation (Riley et al. 2012), although the relationship between 

particle size, sinking speed, and susceptibility to remineralisation is still in 

debate (De La Rocha and Passow 2007). Further breakdown products of 

these particles can become part of the suspended pool of particulate 

material. Active transport of all of these pools of material by eddies has also 

been shown to occur with both enhanced POM production and export within 

eddies compared to the adjacent waters (Bidigare et al. 2003; Guidi et al. 

2012). 

 

1.2.2 Remineralisation 

 

As this POM sinks through the mesopelagic layer (or twilight zone 

defined as the depths between the base of the euphotic zone ~200 m and 

1000 m (Buesseler and Boyd 2009)) up to 90% of the POM can be 

remineralised back into inorganic constituents by heterotrophic bacteria 



E. Sargent 

 4 

and/or zooplankton (Martin et al. 1987), resulting in a release of nutrients 

into the water column where it is then available for reincorporation into 

biomass either at depth or in the surface layer following vertical mixing 

(Robinson et al. 2010). Remineralisation of POM can also occur in the 

surface ocean and subsequent incorporation of the derived dissolved 

organic matter (DOM) into the biomass of the microbes, which is then 

available for grazing/breakdown and cycling of that material through 

various trophic levels and eventually back to the POM and dissolved organic 

matter DOM pools is known as the “microbial loop” (Azam et al. 1993). The 

attenuation of POM between the surface and depth, and thus the ability or 

inability of material to remain resilient to remineralisation as it sinks 

through the mesopelagic, can be assessed by calculating the attenuation 

coefficient of a power law function, b (Martin et al. 1987).  

However, remineralisation of the multiple components of the POM pool 

does not occur at the same rate. Anderson and Sarmiento (1994) proposed 

an amendment to the Redfield ratio to 117:16:1 for sinking particles and 

regenerated nutrients between 400 and 4000 m, which was consistent with  

the C:N:P ratio of samples collected at all depths during cruises of the World 

Ocean Circulation Experiment (WOCE) in the Atlantic, Pacific, and Indian 

Oceans (Gruber 2008). This increase in carbon relative to nitrogen and 

phosphorus in this depth range may be due to the differences in the 

remineralisation rates of these elements, i.e. PON and phosphorus are 

preferentially remineralised relative to POC (Anderson and Sarmiento 1994; 

Christian et al. 1997; Shaffer et al. 1999; Schneider et al. 2003; Monteiro 

and Follows 2012).  

 

1.3 The Marine Nitrogen Cycle 

 

Nitrogen is a major component of both nucleotides (the components of 

DNA and RNA) and amino acids (the building blocks for proteins), and it is 

thus required by all living organisms. These essential requirements 

potentially make nitrogen a crucial limiting factor in biological processes, 
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such as throughout most of the (sub-)tropical surface ocean globally (Moore 

et al. 2013). In the marine environment, nitrogen exists in six stable forms: 

dinitrogen (N
2

), nitrous oxide (N
2

O), nitrite (NO
2

-

), nitrate (NO
3

-

), ammonium 

(NH
4

+

), as well as dissolved organic nitrogen (DON). The nitrogen cycle is the 

complex series of reactions that control the abundance of each of these 

nitrogen species. Each reaction is biologically mediated, including the 

assimilation of NO
2

-

, NO
3

-

, and NH
4

+ 

by phytoplankton, the nitrification of NO
2

-

 

and NH
4

+

 by oxidizing organisms, ammonification by bacteria and 

zooplankton, anaerobic oxidation of ammonium (Anammox) and 

denitrification by bacteria, and nitrogen fixation by cyanobacteria (Table 1-

1).  

The microbes involved in the various transformations of N are also 

pivotal in the regulation and cycling of phosphorus in the oceans. In trying 

to determine the primary limiting nutrient in marine environments, Redfield 

(1934) theorized phosphorus must be limiting because any excess 

phosphorus that decreased the N:P ratio could be ‘corrected’ back to 16:1 

by biological nitrogen fixation. Conversely, an increased N:P ratio due to 

excess nitrate could be corrected back to 16:1 through biological 

denitrification (and/or Anammox) (Gruber 2008). Thus the nitrogen cycle is 

closely linked to the phosphorus (and carbon) cycles, and perturbations in 

any of the three can have a result on, or result from changes in, the other 

two  (Figure 1.1) (Gruber 2008). 
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Table 1-1. Summary of biologically mediated N transformation processes in the marine environment (Modified from Gruber 2008). 

Process Organism Redox environment Trophic Status 

Biochemical 

Role 

NO
3

-

 assimilation    
      Phytoplankton Aerobic Photo-autotrophic Source of N 

NO
2

-

 assimilation    
      Phytoplankton Aerobic Photo-autotrophic Source of N 

NH
4

+

 assimilation    
      

Phytoplankton 

Bacteria 

Aerobic 

Aerobic/Anaerobic 

Photo-autotrophic 

Heterotrophic 

Source of N 

Ammonification          
 
 Bacteria/Zooplankton Aerobic/Anaerobic Heterotrophic Release of N 

NH
4

+ 

oxidation    
     

 
 NH

4

+

 oxidizers Aerobic 

Chemo-

autotrophic Source of energy 

NO
2

-

 oxidation    
     

 
 NO

2

-

 oxidizers Aerobic 

Chemo-

autotrophic Source of energy 

Denitrification    
     

            Bacteria Anaerobic Heterotrophic Nitrogen Sink 

Anammox    
     

          Bacteria Anaerobic 

Chemo-

autotrophic Source of Energy 

N
2

-fixation      
          

Cyanobacteria 

Bacteria 

Aerobic 

Aerobic/Anaerobic 

Photo-autotrophic 

Heterotrophic 

Source of N 
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Figure 1-1. Simplified schematic representation of the marine nitrogen cycle and its 

coupling to the oxygen, phosphorus, and carbon cycling in the marine environment. 

(reproduced from(Gruber 2008) 

 

The relative abundances of nitrate and phosphate are typically described 

in terms of N*, which measures the departure from the Redfield ratio, 

herein, we define N* by defined by equation 1, which is similar to the base 

DIN
xs

 equation; Other groups have previously added a constants to the 

equation to force the global average of N* to zero (Gruber and Sarmiento 

1997; Deutsch et al. 2001; Hansell et al. 2004, 2007; Moore et al. 2009): 

 

      
        

  
 

(eq. 1) 

Throughout the majority of the global ocean N* is negative within the 

thermocline and in deeper waters (Gruber and Sarmiento 1997; Moore et al. 

2009), but north of the equator in the Atlantic Ocean there is a positive N* 

anomaly in the subtropical thermocline to ~1100 m. In this region nitrate is 
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accumulating in excess at a rate of 7.8 ± 1.7x10
11

 mol N yr
-1

 (Hansell et al. 

2007) along the σθ=26.8  density surface, which corresponds to the median 

of the range of densities composing the Subantarctic Mode Water (SAMW) 

(Sarmiento et al. 2004) (Figure 1-2).  

 

Figure 1-2. Global distribution of N* along the σθ=26.8 surface corresponding to the 

median of the range of densities composing the SAMW (Sarmiento et al. 2004) 

illustrating excess nitrate accumulation in the thermocline of the subtropical North 

Atlantic. Nutrient data from Key et al. (2004). Black dots represent areas sampled in 

this study. 

 

 

Gradients of increasing N* can hence be used to infer a net gain of 

nitrogen, which is tantamount to the high dissolved N:P ratios, and in turn 

appears to result in phosphate becoming severely depleted in surface waters 

of the North Atlantic subtropical gyre (Gruber and Sarmiento 1997; Wu et al. 

2000; Moore et al. 2009). Formation of enhanced N* are thought to come 

from a variety of sources, such as atmospheric deposition of high N:P 

nutrients (Gruber and Sarmiento 1997) and advection of high N:P DOM into 

the main thermocline (Michaels et al. 1996). Nitrogen fixation is also 

thought to influence the excess N accumulations, such as through the 

remineralisation of the high N:P biomass of nitrogen fixing organisms 

(Anderson and Sarmiento 1994; Hansell et al. 2004, 2007). Mechanisms by 
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which nitrogen fixation can contribute to the N* anomaly will be discussed 

further in Chapters 2, 3, 5, and 6. 

 

1.4 Nitrogen Fixation 

 

Nitrogen fixation is the conversion of inert N
2

 to bioavailable ammonia 

(NH
3

). The reaction (detailed in Table 1-1) is catalyzed by the nitrogenase 

enzyme. This enzyme has two subunits, an Fe-binding protein and an MoFe-

binding protein. The Fe-binding subunit of the nitrogenase enzyme is coded 

for by the nifH gene (Young 1992). Diversity within this gene region allows 

delineation between various groups of nifH-containing organisms as 

indicated by Figure 1-3. Advances in molecular technologies have allowed 

for the identification of unique nifH phylotypes (taxon-neutral phylogenetic 

groups) and development of primers and probes for use in quantitative PCR 

(qPCR) assays (Zehr et al. 1997; 1998; 2003; Church et al. 2005a; 2005b, 

Foster et al. 2009, Moisander et al. 2010). This will be discussed in more 

detail in Chapter 2. 

The nitrogenase enzyme is oxygen sensitive, so the nitrogen fixation 

reaction must be carried out anaerobically (Peters et al. 1995). The necessity 

for oxygen segregation from nitrogenase in diazotrophic cyanobacteria is 

enhanced due to the photosynthetic capability of these organisms resulting 

in oxygen production within their cells. Diazotrophic cyanobacteria have 

thus developed adaptive ways for segregating the nitrogen fixation process 

from oxygen exposure (Newton 2007). Some diazotrophic cyanobacteria 

overcome this segregation challenge spatially, such as through formation of 

a specialized cell known as a heterocyst where nitrogen fixation but not 

photosynthesis occurs (Fay 1992; Kumar et al. 2010), some separate 

nitrogen fixation and photosynthesis temporally (Toepel et al. 2008), while 

others do both (Bergman et al. 2013).  



E. Sargent 

10 

 

Figure 1-3. Phylogeny of nifH amino acid sequences from various nifH containing 

organisms. Note that nifH diversity within the cyanobacterial clade is high enough 

for targeted assessments of individual cyanobacterial species using qPCR of the nifH 

gene. Abbreviations of note include Csp: Cyanothece sp. strain ATCC 51142 a 

unicellular diazotroph, and Tsp: Trichodesmium sp. strain IMS101. Reproduced 

from Choo et al. (2003).  

 

1.4.1 Importance of Nitrogen Fixation 

 

The upper boundary of growth and productivity of marine photoautotrophs 

is constrained by nitrogen availability globally as many ocean regions are 

nitrogen limited (Falkowski 1997; Gruber and Galloway 2008; Moore et al. 

2013).  As nitrogen can be a limiting factor for growth, it is not surprising 
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that nitrogen fixing organisms are found in nearly all marine environments 

as they are not limited by nitrogen availability. Nitrogen fixing organism are 

present in the open ocean, deep sea, benthos/sediments, coral reefs, 

seagrass beds, intertidal areas, estuaries, other coastal areas (Carpenter and 

Capone 2008), and potentially even inside the guts of zooplankton (Braun et 

al. 1999). These organisms are often responsible for supporting the rest of 

the phytoplankton community via both the release of recently fixed nitrogen 

(discussed below) and through supply and recycling of that new nitrogen in 

the ocean. Gruber and Sarmiento (1997) postulated that the majority of 

fixed nitrogen in the surface oceans is diazotroph-derived, and thus these 

organisms play an integral role in ocean ecosystems. Fixed-nitrogen 

availability in the ocean is also coupled to the sequestration of atmospheric 

carbon and thus is not only an integral part of the nitrogen cycle, but also 

plays a role in the regulation of global biogeochemical cycles (Falkowski 

1997). This is especially apparent over even longer timescales where 

changes in the fixed nitrogen inventory due to a variety of factors (such as 

changes in ocean circulation) are thought to cause glacial/interglacial 

changes in atmospheric carbon dioxide concentrations (Falkowski 1997; 

Broecker and Henderson 1998; Karl et al. 2002; Gruber and Galloway 2008; 

Straub et al. 2013). Although the full extent of the effect of continued 

global-scale anthropogenic perturbations of ocean biogeochemistry is 

currently unknown, it has been suggested that the geographical range of 

nitrogen fixers will expand in a future, warmer ocean (Boyd and Doney 

2002), and that nitrogen fixation rates and carbon fixation by nitrogen 

fixing organisms are likely to increase as pCO
2

 increases during the next 

century (Hutchins et al. 2007). 

 

1.5 Marine Diazotrophs 

 

There are three main cyanobacterial groups of nitrogen fixing 

organisms in the ocean: filamentous, heterocystous, and unicellular 

cyanobacteria (Zehr 2011). There are also heterotrophic diazotrophic 

organisms (Zehr et al. 1995).  
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1.5.1 Filamentous diazotrophs 

 

The most widely studied marine diazotroph is the filamentous, non-

heterocystous cyanobacterial genus Trichodesmium, members of which are 

considered to be the most abundant oceanic nitrogen fixers (Zehr 2011). 

Trichodesmium occurs throughout oligotrophic ocean regions (Capone et al. 

1997; Sohm et al. 2011). The genus consists of six species (Hynes et al. 

2012), which often exist in colonies of varying morphology, such as puffs, 

tufts or rafts, and nests (Figure 1-4). Trichodesmium is the main constituent 

of marine nitrogen fixation estimates in tropical and subtropical oligotrophic 

ocean regions (Capone et al. 2005).  

Trichodesmium is buoyant and is typically constrained to the surface 

layer, but deeper (>50 m) populations of Trichodesmium are hypothesized 

to consist of vertically migrating colonies (Kromkamp and Walsby 1992; 

White et al. 2006).  Buoyancy in Trichodesmium is provided by the presence 

of gas vacuoles (Walsby 1978), and is controlled by carbohydrate ballasting 

(Villareal and Carpenter 2003).  Models of carbohydrate ballasting in 

Trichodesmium suggest that vertical migrations of large (≥1500 µm radius) 

colonies could span 200 m for nutrient mining and phosphorus acquisition 

(Kromkamp and Walsby 1992; White et al. 2006),  but are realistically more 

likely to be confined to the upper 70 m of the water column (Villareal and 

Carpenter 2003). The morphology and physiology of Trichodesmium will be 

discussed in more detail in Chapters 3, 4, and 5.  

 

 

 

Figure 1-4. Trichodesmium colony morphology. Various colonial morphologies 

include (A) radial puffs, (B) twisted tufts, (C) rafts of trichomes arranged parallel to 

each other, and (D) flat, matted nests. Trichodesmium colonies typically consist of 

100-200 trichomes (Carpenter et al. 2004). Scale bars represent 1 mm. 
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One of the six described Trichodesmium species falls under the 

antiquated genus Katagnymene. Members of this genus lack heterocysts 

and, in contrast to other Trichodesmium species, do not form colonies 

(Lundgren et al. 2001). Katagnymene spp. is present in warm, oligotrophic 

ocean regions globally, and has been successfully isolated into culture 

allowing for more thorough physiological investigations. Like other 

Trichodesmium species, Katagnymene only possess the nitrogenase enzyme 

in confined zones of cells along the trichome (Lundgren et al. 2001) now 

known as diazocytes (Berman-Frank et al. 2001). These diazocyte regions 

aide in the segregation of the nitrogenase enzyme from oxygen allowing for 

nitrogen fixation to occur during the light period when oxygen is also being 

produced via photosynthesis (Berman-Frank et al. 2001; Sandh et al. 2012). 

Although Katagnymene spp. is morphologically distinct from other 

Trichodesmium species, it is phylogenetically similar. The nifH gene region 

in both genera is nearly indistinguishable (Lundgren et al. 2001), and high 

similarity is also found within the internal transcribed spacer (ITS) region 

between the 16S and 23S rRNA genes (Orcutt et al. 2002) and the hetR gene 

regions (Lundgren et al. 2005) prompting a call for reclassification and 

combination of Katagnymene into the Trichodesmium genus (Hynes et al. 

2012). 

 

 

1.5.2 Heterocystous diazotrophs 

 

Heterocystous cyanobacteria possess specialized cells where nitrogen 

fixation, but not photosynthesis, occurs (Fay 1992), and compose the 

second group of marine diazotrophs, which include cyanobionts. 

Cyanobionts are cyanobacteria that are involved in symbiotic relationships 

with a eukaryotic host. In diazotrophic diatom associations (DDAs), the 

cyanobionts are nitrogen-fixing cyanobacteria, such as Richelia 

intracellularis and Calothrix rhizosoleniae. R. intracellularis was first 

described in an endosymbiotic relationship with the diatom Rhizosolenia 

clevei (Ostenfeld and Schmidt 1901) (Figure 1-5A); R. intracellularis has 

since been documented in similar consortia with the diatom species 
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Hemiaulus spp. (Heinbokel 1986; Villareal 1991; Kimor et al. 1992; Villareal 

1994; Janson et al. 1999; Scharek et al. 1999; Foster and Zehr 2006; Bar-

Zeev et al. 2008; Foster et al. 2009; Goebel et al. 2010; Padmakumar et al. 

2010) (Figure 1-5B, C) and Guinardia cylindrus (a synonym of Rhizosolenia 

cylindrus) (Venrick 1974; Villareal 1992; Scharek et al. 1999).  

 

Figure 1-5. A diazotrophic diatom association (DDA). Richelia intracellularis 

associations with host diatoms. (A) Richelia-Rhizosolenia where R. intracellularis is 

confined to the apices of the host diatom (arrows), and (B) Richelia-Hemiaulus where 

cyanobionts are obscured by the cytoplasm unless they are (C) viewed under 

excitation of the phycoerythrin pigment which is not present in the host diatoms. 

Scale bars represent 100 µm. 

 

R. intracellularis possesses a single terminal heterocyst and up to ten 

vegetative cells (Ostenfeld and Schmidt 1901); the heterocyst of this species 

is noticeably larger than the vegetative cells, which are uniform in size  

(Janson et al. 1999). C. rhizosoleniae was originally described as an epiphyte 

of the diatom Chaetoceros compressum (Lemmerman 1905). This 

cyanobacterium also consists of a single terminal heterocyst and multiple 

vegetative cells, but unlike R. intracellularis, the heterocyst of C. 

rhizosoleniae is smaller than the vegetative cells. Additionally, the vegetative 

cells are not uniform in size, and extend in a slightly tapered filament 

(Janson et al. 1999). Calothrix has been successfully cultured independent 

of a host diatom (Foster and Zehr 2006). Infrequently, R. intracellularis is 

reported as free-living (Weare et al. 1974; Goméz et al. 2005; White et al. 
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2007), but it has not yet been successfully cultured in this state and is 

assumed to be an obligate symbiont (Thompson and Zehr 2013). Janson et 

al. (1995) were unable to detect gas vesicles in both the heterocysts and 

vegetative cells of this species; they suggest that since all other marine 

cyanobacteria possess theses vesicles, the absence of gas vesicles in R. 

intracellularis may explain why the free-living form is such a rarity, as it may 

be unable to regulate its position in the water column (Janson et al. 1995), 

and would therefore be reliant on a host for buoyancy control. 

 

1.5.3 Unicellular diazotrophs 

 

The third group of diazotrophic cyanobacteria, unicellular diazotrophs, 

are vastly understudied in comparison to Trichodesmium and the DDAs, but 

are generally split into two categories: free living and symbiotic. Some of the 

unicellular diazotrophs are obligate symbionts, such as Group A 

cyanobacterium (Candidatus Atelocyanobacterium thalassa) (Thompson et 

al. 2012). This organism lacks photosystem II making it an obligate 

symbiont (Tripp et al. 2010), and it is thought to associate with a 

haptophyte host (Thompson et al. 2012). These organisms were first 

detected in open ocean water samples by nitrogenase gene analyses (Zehr et 

al. 1998), and it appears they are significant in contributing to oceanic fixed 

nitrogen on the global scale as recent phylogenetic surveys have revealed 

their prevalence in many marine environments (Church et al. 2005a; 2005b, 

Foster et al. 2009, Moisander et al. 2010). The geographical range of Group 

A cyanobacteria is also greater than that of Trichodesmium implying it may 

be the main contributor of new nitrogen at higher latitudes (Moisander 

2010).  

Group B cyanobacteria exist both as free living and in symbiosis with 

the diatom Climacodium frauenfeldianum (Carpenter and Janson 2000; 

Foster et al. 2011); Group B cyanobacteria are also capable of colonial 

aggregation (Foster et al. 2013). Group C cyanobacteria are free living, but 

little else is known about their physiology, and their taxonomic classification 

remains unclear (Taniuchi et al. 2012). 
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1.5.4 Heterotrophic Diazotrophs 

 

Heterotrophic diazotrophs are distributed throughout the world’s oceans, 

and unlike cyanobacterial diazotrophs, heterotrophic diazotrophs use 

organic carbon as an energy source. However, photoheterotrophy is also 

possible as is suggested for the Group A cyanobacterium, which lacks 

photosystem II (Zehr et al. 1998; Tripp et al. 2010). Heterotrophic bacteria 

were some of the first diazotrophic organisms described (Waksman et al. 

1933), and non-cyanobacterial nifH is now known to compose the majority 

nifH community structure globally (Farnelid et al. 2011). Heterotrohpic 

diazotrophs also dominate nitrogen fixation in the South Pacific Gyre (Halm 

et al. 2012). There are multiple nifH clades of heterotrophic diazotrophs 

including proteobacteria and sulphate-reducing bacteria, which can exist 

free living, in association with microbial mats, and even in hydrothermal 

vent systems (Eckford et al. 2002; Steppe and Paerl 2002; Mehta et al. 2003; 

Halm et al. 2011). Active pelagic heterotrophic diazotrophs have also been 

detected via nifH assessments at and below 500 m (Hewson et al. 2007; 

Hamersley et al. 2011).  

 

1.6 Ecology and Physiology of Marine Diazotrophs 

 

1.6.1 Controls on Diazotrophy 

 

The distribution of some diazotrophs appears to be restrained by 

temperature. Trichodesmium growth is most active above 20 °C (Carpenter 

1983; Breitbarth et al. 2007), while the unicellular cyanobacteria display a 

tolerance for cooler water temperatures in temperate zones (Holl et al. 

2007; Needoba et al. 2007; Langlois et al. 2008). Turbulence has also been 

hypothesised to adversely affect nitrogenase activity in Trichodesmium due 

to increased oxygen exposure (Carpenter and Price 1976), but the effect of 

turbulence on the nitrogen fixing capabilities of other diazotrophs is poorly 
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understood (Howarth et al. 1993). Nitrogen fixing organisms are not well 

described in higher latitudes, but nifH-containing organisms have been 

detected in the Arctic (Farnelid et al. 2011). As cyanobacterial nitrogen 

fixation has been observed in terrestrial and marine polar environments 

near 0 °C (Vincent 2002; Stall et al. 2003; Blais et al. 2012), and as actively 

growing populations of Trichodesmium and other diazotrophs are often 

observed in turbulent areas (Carpenter et al. 2004), it does not appear that 

activity of the nitrogenase enzyme itself is restricted by temperature and 

turbulence, but rather the physiology of individual diazotrophs limits their 

tolerances to these factors.  

Trace metals, specifically iron, can be a primary limiting nutrient for 

diazotrophs as the nitrogenase enzyme requires both iron and 

molybdenum, and thus the iron requirements of diazotrophs can be an 

order of magnitude greater than the iron requirements of strict 

photoautotrophs (Berman-Frank et al. 2001; Kustka et al. 2003; Sañudo-

Wilhelmy et al. 2001). This is especially apparent in the subtropical South 

Atlantic were phosphorus concentrations are in excess of the requirements 

for diazotrophic growth, but diazotrophy is minimal (Moore et al. 2009). In 

contrast, diazotrophy thrives in the subtropical North Atlantic where there is 

also an input of iron from atmospheric aerosols (Michaels et al. 1996; Wu et 

al. 2000; Mahaffey et al. 2003; Tyrrell et al. 2003; Moore et al. 2009). Iron 

has been observed to stimulate growth and nitrogen fixation in 

Trichodesmium both in culture and in situ (Rueter 1988; Paerl et al. 1994; 

Berman-Frank et al. 2001). As atmospheric dust deposition is low in many 

oligotrophic ocean regions where diazotrophs should otherwise flourish, 

iron limitation of nitrogen fixation has been proposed as a near global 

occurrence (Falkowski 1997; Berman-Frank et al. 2001; Moore et al. 2002).  

Other nutrients, such as phosphorus can also limit diazotrophy, and co 

limitation of diazotrophy by iron and phosphorus is likely occurring in the 

subtropical North Atlantic (Mills et al. 2004; Ward et al. 2013). However, 

some diazotrophs, such as Trichodesmium are able to access organic pools 

of phosphorus allowing for continued growth even when phosphate is 

depleted (Mulholland et al. 2002; Dyhrman et al. 2006).   
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1.6.2 Grazing 

 

Grazing of diazotrophs is not widely reported, but grazing deterrence 

by diazotrophs appears to be widespread. Depressed growth rates, egg 

production and biomass of zooplankton have been reported in the presence 

of cyanobacterial blooms (Heerkloss et al. 1984; Sellner et al. 1997), and 

some diazotrophs, such as Trichodesmium, are known to possess grazer-

deterring toxins (Siddiqui 1992; Janson et al. 1995; O’Neil 1999; Kerbrat et 

al. 2010). However, modest grazing of Trichodesmium biomass has been 

reported in harpacticoid copepods (O’Neil and Roman 1994; O’Neil 1998; 

1999), and isotopic assessments (see below) suggest that the transfer of 

diazotroph-derived new nitrogen to higher trophic levels does occur (O’Neil 

et al. 1996; Montoya et al. 2002; Loick-Wilde et al. 2012). Fish have also 

been observed to graze on Trichodesmium (Carpenter and Capone 2008 and 

references therein). Additionally, salp grazing on Trichodesmium has been 

theorised to occur following observations of negatively correlated salp and 

Trichodesmium abundances in situ (Carpenter and Capone 2008). Some 

coccoid cyanobacteria, as well as heterotrophic bacteria, are also directly 

grazed (Caron et al. 1991). 

 

1.6.3 Nutrient Transfer 

 

In heterocystous cyanobacteria the transfer of nutrients is essential, 

both along the trichome between the differentiated specialised cells and 

from symbiont to host. Only vegetative cells are able to perform 

photosynthesis, and therefore must supply the heterocyst(s) with the 

necessary sugars to support the energy demanding process of nitrogen 

fixation; in return, the heterocyst supplies the vegetative cells with fixed 

nitrogen (Golden and Yoon 2003; Foster et al. 2011).  The mechanism for 

this transfer is described by Mullineaux et al. (2008), who showed diffusion 

of fluorescent molecules from a heterocyst cytoplasm to a vegetative cell 

cytoplasm, and vice versa, through intercellular channels, or 

microplasmodesmata, in the cyanobacterium Anabaena cylindrical. 
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Crucially, they showed that the exchange rate of fluorescent dye between 

vegetative cells significantly increases after 72 hours of nitrate deprivation, 

which suggests an increase in the number of connections between these 

cells after heterocyst differentiation thus facilitating a more efficient 

metabolite exchange pathway (Mullineaux et al. 2008). This also suggests 

that although nitrogen fixation takes place in the heterocysts, the vegetative 

cells of R. intracellularis could be responsible for nitrogen transfer from 

cyanobiont to host (Janson et al. 1995). Villareal (1990) cultured symbiotic 

Rhizosolenia-Richelia and asymbiotic Rhizosolenia in both nitrogen deplete 

and nitrogen replete medium, and found that both diatoms grew at 

comparable rates under replete conditions; conversely, under nitrogen 

deplete conditions Rhizosolenia-Richelia proliferated at a significantly higher 

rate, highlighting the benefits provided by this symbiotic association.   

The dynamics of nutrient transfer and N release in Trichodesmium is 

slightly more complicated as Trichodesmium is free living and does not need 

to release N to support a host. However, release of DON and ammonia by 

Trichodesmium has been observed both in situ and in culture (Capone et al. 

1994; Glibert and Bronk 1994; Mulholland et al. 2004). Potentially, 

Trichodesmium uses N release as a mechanism to ensure all cells have 

access to fixed nitrogen as only specialised cells along the trichome are able 

to fix nitrogen (Mulholland and Capone 2000; Berman-Frank 2001). Another 

potential explanation for new nitrogen exudation in Trichodesmium is 

support of associated organisms, such as epibionts, which may serve in a 

mutually beneficial partnership as these epibionts may aid in increasing 

Trichodesmium’s acquisition of phosphorus (Van Mooy et al. 2012). 

The physiology and nutrient transfer dynamics of the unicellular 

cyanobacteria is less clear, but as with DDAs, it likely that the transfer of 

newly fixed N from the unicellular cyanobiont to host occurs. The unicellular 

Crocosphaera watsonii has been observed in close association with a diatom 

host, Climacodium frauenfeldianum lending some evidence to this theory 

(Foster et al. 2011).  
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1.6.4 Cell death 

 

Cell death among diazotrophs can be a complicated, multi-pathway 

process. Programmed cell death (PCD), a self-initiated cell death mechanism, 

is common among eukaryotes (Jiménez et al. 2009), and has recently been 

described as a prominent cell death pathway among cyanobacteria (Sigee et 

al. 2007; Zheng et al. 2013), and appears to be the dominate cell death 

pathway in Trichodesmium (Bar-Zeev et al. 2013). Various cell death 

pathways in Trichodesmium have been previously assessed, and PCD 

appears to be a common pathway by which Trichodesmium dies (Berman-

Frank et al. 2004; Bar-Zeev et al. 2013). PCD can occur with ageing or 

following exposure to a variety of physiological stressors, such as high 

irradiance, nutrient starvation, and temperature shock (Berman-Frank et al. 

2004; Jiménez et al. 2009). Other cell death pathways among the 

cyanobacteria include autophagy, necrosis and autolysis (Zheng et al. 2013). 

The cell death pathways of Trichodesmium will be discussed further in 

Chapter 5. 

 

 

1.7 Fate of Diazotrophic N 

 

Nitrogen fixed by diazotrophs eventually becomes available to the 

wider phytoplankton community through the previously mentioned 

exudation of fixation products, grazing, or breakdown of diazotroph 

biomass (Capone et al. 1994; Glibert and Bronk 1994; O’Neil et al. 1996; 

Mulholland and Capone 2001; Berman-Frank et al. 2004; Mulholland et al. 

2004; Hewson et al. 2004). This transfer of new nitrogen to other organisms 

can support their growth and productivity, and potentially facilitate 

enhanced export of other organisms (Capone et al. 1998; Carpenter et al. 

1999; Ohlendieck et al. 2000). Mullholland (2007) theorised that 

diazotroph-derived new nitrogen, specifically that which is derived from 

Trichodesmium, is likely constrained to continuous recycling in the euphotic 
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zone through the microbial loop, where it may eventually contribute to 

export indirectly via the settling/sinking of biomass of other organisms. 

However Mulholland (2007) also postulated that there is the potential for 

direct export of diazotroph biomass following grazing (Figure 1-6). 

More recently, species specific physiologies have been taken into 

account when considering organismal fate. Many now believe that 

programmed cell death plays a role in the demise of Trichodesmium blooms 

(Bar-Zeev et al. 2013; Chapter 5). The ever increasing nifH dataset has also 

provided new insights into species-specific vertical distributions (Church et 

al. 2005), and in situ camera systems have revealed diazotrophs, such as 

Trichodesmium can be evenly distributed as deep at 120m ( the deepest 

depth assessed) (Davis and McGillicuddy 2006).  

 

 

 

Figure 1-6. Schematic of some of the previously theorised export mechanisms for 

Trichodesmium and other diazotrophs including export of diazotroph biomass 

following incorporation into faecal material and secondary export following 

breaking down and recycling of diazotroph derived N, which is then available for 

incorporation into the biomass of other organisms (modified from Mulholland 

2007). 
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1.7.1 Export of filamentous diazotrophs 

 

Guidi et al. (2012) suggested that active export of Trichodesmium 

could be possible in association with downwelling eddies in the North Pacific 

Subtropical Gyre. Sweeping mechanisms where Trichodesmium would be 

caught up in the export of other organisms, such as diatoms, have also 

been used as an explanation for Trichodesmium presence at depth (Scharek 

et al. 1999b). Such occurrences are rarely observed, but this potenitally due 

to undersampling. The general consensus among the nitrogen fixation 

research community is that there is currently no evidence to suggest that 

Trichodesmium sinks below the euphotic zone unaided, and a recent review 

by Thompson and Zehr (2013) concluded that Trichodesmium is not likely to 

directly contribute to export of particulate organic matter (POM).  

“At this time there is no evidence that Crocosphaera or 

Trichodesmium cells sink beyond the euphotic zone, thus an oceanic 

regime dominated by these cell types would have patterns of C and 

N export very different from an ocean dominated by the symbiotic 

cyanobacterial N2 fixers and their hosts.” –Thompson and Zehr 

(2013) 

 

1.7.2 Export of heterocystous diazotrophs 

 

Goldman (1993) hypothesized that diatom blooms resulting from new 

nitrogen inputs into the euphotic zone would be coupled with an export 

flux, specifically near the deep chlorophyll maximum (DCM). More recent 

data suggests larger diatoms, such as Hemiaulus, a known host of the 

diazotrophic Richelia intracellularis, are exported from the mixed layer, not 

the DCM (Scharek et al. 1999). Diatoms are historically important 

constituents of export events (Boyd and Newton 1995; Buesseler 1998; Boyd 

and Newton 1999; Kemp et al. 2000), and Hemiaulus, and other large 

autotrophs, can act as direct exporters of nitrogen, silica, and carbon to the 

deep sea (Scharek et al. 1999).  
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For direct export of new nitrogen out of the euphotic zone to occur, 

the cyanobionts, and any hosts, would need to remain intact, and their 

sinking rate would need to be rapid relative to the rate of remineralisation. 

Alldredge and Silver (1988) confirmed that diatoms are capable of reaching 

the sea floor intact following a bloom, but only when settling in aggregates 

0.5mm or larger (Alldredge and Silver 1988). Alldredge and Gotschalk 

(1988) showed that the flocculation process was not only plausible, but 

highly likely; during diatom blooms they observed all visible diatoms 

aggregated into 0.1-1cm sized flocs between ten and 25m, and they 

additionally predicted that significant flocculation can occur in under 24 

hours (Alldredge and Gotschalk 1988). Karl and others (2012) recently 

described an occurrence of DDAs constituting and causing the annual 

summer export pulse in the North Pacific Ocean over a 13- year study period 

(Karl et al. 2012), indicating that, at least in this ocean region, DDAs are 

integrally involved in the export of carbon and nitrogen into the oceans 

interior. Additionally, assessments of diazotrophic community structure and 

export in the Amazon River plume have revealed an association between 

DDA drawdown of CO
2

 and increased export of POM in mesohaline 

environments (Subramaniam et al. 2008). Further, assessments of the fossil 

record suggest that historic diatom export was supported by diazotrophic 

cyanobacteria, and thus the potential for such associations is likely in a 

highly-stratified future ocean (Kemp and Villareal 2013). 

 

1.7.3 Export of unicellular diazotrophs 

 

There is no evidence that the free living unicellular diazotrophs 

contribute to the export of POM. However, as is seen in DDAs, the 

association with a host organism may increase the likelihood that these 

organisms contribute to export, such as following aggregation or grazing of 

the host. 
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1.8 Guide to this thesis 

 

1.8.1 Ancillary data 

 

The data discussed herein was collected and analysed by the author 

unless otherwise noted. Worthy of specific mention are the contributions of 

surface nifH abundances (Chapters 2, 4) carried out by Dr. Rebecca Langlois 

currently of Dalhousie University, nitrogen fixation rate measurements 

(Chapter 3) carried out by Dr. David Honey previously of the University of 

Southampton/National Oceanography Centre, Southampton, and SAPS 

deployment/
234

Th measurements (Chapter 3) carried out by doctoral 

candidate Katsia Pabortsava of the University of Southampton/National 

Oceanography Centre, Southampton. Chlorophyll measurements and 

Trichodesmium cell counts for AMT17 and AMT 21 were provided by Dr. 

Mark Moore, and doctoral candidate Joe Snow respectively (Chapter 4). 

 

1.8.2 Aims and objectives 

 

Herein the role of these three groups of diazotrophs in export will be 

more thoroughly discussed with aims to elucidate species specific fates. In 

the next chapter molecular assessments are used to (1) determine if 

Trichodesmium is constrained to the upper ocean due to its innate 

buoyancy, (2) determine if unicellular diazotrophs are constrained to the 

euphotic zone due to their small size, and (3) determine if DDAs are 

escaping the mixed layer in the (sub-)tropical Atlantic and thus are 

contributing to export as is seen in the Pacific (Karl et al. 2012) and in river 

plumes (Subramaniam et al. 2008). 

In Chapter 3 optical assessments are used to (1) determine whether 

Trichodesmium is contributing to the export flux of PON, (2) determine 

whether mechanisms of Trichodesmium export are restricted to 
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incorporation in faecal material, and (3) determine if remineralisation of 

Trichodesmium between the mixed layer and 500 m in the (sub-)tropical 

Atlantic Ocean is contributing to the N* anomaly seen in the thermocline in 

this region. 

In Chapter 4 a combined assessment of molecular and optical cell 

counts was used to (1) confirm a discrepancy between nifH gene copies and 

cell counts in Trichodesmium, and (2) establish if polyploidy is present in 

this organism. 

In Chapter 5 Transmission Electron Microscopy (TEM) was used to (1) 

determine if Trichodesmium is over ballasting in the surface layer, (2) 

determine if vertical migration is a plausible explanation for Trichodesmium 

colony presence below the mixed layer, and (3) establish whether other cell 

death pathways influence sinking in this organism. 

 

1.8.3 Hypotheses 

 

H
1

: Trichodesmium is not a likely constituent of export  

i. Supporting evidence: 

1. Trichodesmium  is a buoyant organism and has 

historically rarely been reported in sediment trap 

samples (Scharek et al. 1999; Chen et al. 2003).  

 

H
2:

 Remineralisation of Trichodesmium between the mixed layer 

and 500 m, north of the equator in the Atlantic, is contributing to 

the N* anomaly seen in the thermocline of the northern 

subtropical gyre, while DDA export likely results in sequestration 

of carbon and nitrogen rather than remineralisation. 

i. Supporting evidence: 

1. The N* anomaly in the subtropical thermocline 

indicates excess nitrate accumulation in this 

region (Hansell et al. 2007). 
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2. Nitrogen fixation influence is assumed, but at 

current no mechanism is described for the 

transfer of diazotroph-derived new nitrogen to 

depth (Hansell et al. 2004). 

3. DDAs have been seen intact in sediment traps up 

to 4000 m previously (Scharek et al. 1999; Karl et 

al. 2012). 

 

 H
3

: There are multiple mechanisms by which diazotroph export 

occurs  

i. Supporting evidence: 

1. Trichodesmium  has been documented in 

association with a copepod that was observed to 

graze minimally upon it (Eberl and Carpenter 

2007).  

2. Carbohydrate ballasting in Trichodesmium has 

been documented and vertical migration has 

been proposed as a mechanism by which the 

organism can access enhanced phosphate 

concentrations in deeper waters for nutrient 

mining (Villareal and Carpenter 2003); therefore, 

passive sedimentation is a potential export 

mechanism for this organism. 

3. Trichodesmium has been documented in 

sediment traps following diatom blooms (Scharek 

et al. 1999), which indicates a sweeping 

mechanism following incorporation in aggregates 

is a plausible mechanism of export. 

 

H
4

: Over ballasting of Trichodesmium in the surface layer is 

causing it to sink past phosphocline and terminating the ability for 

the colony to return to the surface. 

i. Supporting evidence: 
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1. Models predict that ballasting for nutrient mining 

is feasible, but colonies could only reach depths 

of 150 m and maintain the ability to return to the 

surface if they were large (>1500um radius)  

(Kromkamp and Walsby 1992; White et al. 2006). 

H
5

: If over ballasting is the mechanism by which Trichodesmium is 

exported, the intracellular POC/PON is high quality. 

i. Supporting evidence: 

1. Senescent Trichodesmium would not possess the 

ability to migrate (Villareal and Carpenter 2003). 

 

H
6

: Gas vacuole collapse in colonies collected between 100 and 

300 m guarantees sinking Trichodesmium at these depths lacks 

the ability to return to the surface. 

i. Supporting evidence: 

1. Depending on the species, Trichodesmium gas 

vessicles collapse between 100 and 300 m 

(Walsby 1978). 

 

H
7

: Quantification of the nifH gene via qPCR can be directly related 

to cell number 

i. Supporting evidence: 

1. Amplification of nifH genes now frequently 

replaces optical cell counts as the method for 

diazotroph quantification on research cruises 

(Zehr et al. 1998; Langlois et al. 2008; Foster et 

al. 2009; Goebel et al. 2010).  Luo et al (2012) 

acknowledged a discrepancy of an order of 

magnitude between gene copies and cell counts 

(Luo et al. 2012), but it was not pursued as 1:1 

ratios of copies to counts have previously been 

observed in Crocosphaera watsonii (Langlois pers. 

comm.). 
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1.8.4 Thesis structure 

 

The format of this thesis involves the presentation of chapters 2-5 as 

standalone pieces of work intended for submission as manuscripts. Chapter 

6 is a synthesis of chapters 2-5 and discusses limitations of this study and 

recommendations for future work. 
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2. Novel molecular insights into the fate of 

N
2

 fixed by diazotrophs 

2.1 Abstract 

The fate of diazotroph-derived new nitrogen and its role in marine 

biogeochemical cycles is not well understood. Sporadically, optical 

assessments of sinking particulate material have revealed the presence of 

two diazotrophic organisms, Trichodesmium spp. and Richelia 

intracellularis, outside of the mixed layer. However, assessments of 

diazotrophic organisms are traditionally constrained to the upper ocean; 

hence, the extent of diazotroph contribution to export is not clear. In an 

attempt to classify this occurrence, real-time quantitative PCR analysis with 

TaqMan probes was carried out on extracts of sinking particulate samples to 

500 m to assess the presence of the nifH gene, which encodes the iron-

binding subunit of the nitrogenase enzyme complex. Eight nifH phylotypes 

were assessed: a single filamentous cyanobacterial probe specific to 

Trichodesmium, two heterocystous cyanobacterial probes specific to 

Richelia-Rhizosolenia and Richelia-Hemiaulus (diazotrophic diatom 

associations), three unicellular cyanobacterial probes specific to 

Crocosphaera watsonii and the uncultured Group A and Group C 

cyanobacteria, and two non-cyanobacterial probes specific to the uncultured 

gammaproteobacterium Gamma A and the uncultured Cluster III. All but the 

Cluster III phylotype were detected in sinking particles below the mixed 

layer, which indicates previous assessments of the vertical distributions of 

these organisms may have overlooked the presence of multiple groups of 

diazotrophs at depth. Contrary to previous expectations, all three groups of 

marine diazotrophs were constituents of sinking material exported out of 

the euphotic zone in the subtropical and tropical Atlantic Ocean. This novel 

finding allows for comparisons of the distribution of nifH phylotypes in the 

surface and at depth, which aids in elucidation of species-specific fates. 

Quantifying the extent to which these groups are exporting provides new 

insight into the cycling of fixed nitrogen in the oligotrophic ocean. 
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2.2 Introduction 

 

Marine diazotrophs play an important role in marine biogeochemical 

cycles by fixing N
2

 into bioavailable forms, thus sustaining oceanic 

productivity over broad timescales through maintenance of bioavailable 

nitrogen stores. Historically, the two conspicuous groups of diazotrophs, 

non-heterocystous, filamentous cyanobacteria such as Trichodesmium and 

the heterocystous endosymbiotic cyanobacteria of diatoms (DDAs), were 

quantified optically, but the advent of molecular techniques, such as PCR, 

has resulted in a shift towards gene-based abundance assessments. It was 

not until this method became available that the unicellular nitrogen fixing 

Group A cyanobacterium was even detected (Zehr et al. 2001).  

The ease of collection coupled with the large number of samples that 

can be analysed at once has resulted in a massive dataset of global 

diazotroph abundances, biomass, and nitrogen fixation rates, which 

continues to expand (Luo et al. 2012). Amplification of nifH, a highly 

conserved gene which codes for the iron binding component of the 

nitrogenase gene (Young 1992), allows detection of  diverse groups of 

diazotrophs, including non-cyanobacterial nifH containing organisms, such 

as the gammaproteobacteria and green sulphur bacteria. These organisms 

were previously inaccessible via optical techniques, and their contribution to 

global nitrogen fixation remains unknown (Riemann et al., 2010). New nifH 

sequences are continuing to be detected (Langlois et al. 2005, Thompson et 

al. 2012) 

Until recently, it was widely believed that Trichodesmium did not 

passively sediment out of the mixed layer, as it is buoyant, and typically 

occupies the surface layer in oligotrophic ocean regions (Carpenter and Price 

1977, Carpenter et al. 2004). At least three mechanisms by which 

Trichodesmium contributes to export will be discussed in Chapter 3: free 

sinking, incorporation in faecal material, and incorporation in aggregates. 

The dominant mechanism appears to be free sinking followed by 

remineralisation in the upper twilight zone, which may contribute to the N* 

anomaly (Chapter 3) or following incorporation into the microbial loop 
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(Sellner 1992; Mulholland 2007). Additionally, physical mechanisms, such as 

eddies (Guidi et al. 2012) and particle sweeping (Scharek et al. 1999b), as 

well as physiological mechanisms, such as programmed cell death (PCD) 

(Bar-Zeev et al. 2013), have been described to drive and enhance 

Trichodesmium export. Any or all of these export mechanisms could 

potentially apply to all pelagic diazotrophic organisms (Mulholland 2007). 

Many diatoms, including DDAs, are capable of contributing to export 

(Scharek et al. 1999a; 1999b, Karl et al. 2012). Richelia hosts Rhizosolenia 

and Hemiaulus flocculate when in dense concentrations (Alldredge and 

Gotschalk 1988, Villareal et al. 2011), and subsequently can directly export 

in fast sinking aggregations as Karl and others (2012) highlighted in the 

annual summer export pulse in the North Pacific Ocean. Karl et al. (2012) 

also speculated this occurrence may be specific to that region. What has yet 

to be assessed is what contribution DDAs and other diazotrophs are making 

to the direct export of carbon and nitrogen in other ocean regions.  

Recent phylogenetic surveys of nitrogen fixers have revealed that 

previously undetected diazotrophs, unicellular nitrogen fixing 

cyanobacteria, are dominant in many marine environments (Church et al. 

2005a; 2005b, Foster et al. 2009, Moisander et al. 2010). One such 

unicellular diazotroph, the Group A cyanobacterium (Candidatus 

Atelocyanobacterium thalassa) (Thompson et al. 2012), is an obligate 

symbiont, as it lacks photosystem II (Tripp et al. 2010). However, little is 

currently known about the physiology, ecology and fate of this Group A 

cyanobacterium. It displays similar nifH expression patterns to 

Trichodesmium and heterocystous cyanobacteria implying it is also an 

important contributor to newly fixed nitrogen into the upper ocean (Church 

et al. 2005b). Describing the presence or absence of Group A cyanobacteria 

in sinking material will provide vital insight into the cycling and fate of new 

nitrogen in this and other unicellular cyanobacterial groups. 

To date, most studies of these three main groups of N
2

-fixing 

organisms in the ocean have generally been limited to assessment of their 

presence and activity in the euphotic zone, while the role these organisms 

have in the export of material to the ocean's interior has seldom been 

addressed. In an attempt to track the fate of these nitrogen fixing 
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organisms we have quantified 4 nifH phylotypes in the surface and in 

sinking particles as deep as 500 m in the (sub-)tropical Atlantic Ocean 

attributable to the main diazotrophs: Trichodesmium, two groups of DDAs 

and the unicellular Group A cyanobacterium. We also amplified nifH from 

two other groups of unicellular cyanobacteria, Group B and Group C 

cyanobacteria, as well as two non-cyanobacterial nifH phylotypes, Cluster III 

and Gamma A, in this region.  

These findings highlight that previous assessments of the vertical 

extent of marine diazotrophs has been under estimated, and that the fate of 

diazotrophic new nitrogen is not constrained to the surface layer. On the 

contrary, we propose that marine diazotrophs actively contribute to the 

export particulate organic material (POM) in the sub-tropical Atlantic Ocean. 

These observations of increased nitrate relative to phosphate beneath areas 

of high diazotroph abundance supports the potential for substantial 

remineralisation of diazotroph-derived organic material in the upper twilight 

zone along the northern part of the transect contributing to enhanced N* 

within the thermocline. This provides novel insight into the cycling and fate 

of fixed nitrogen in this region, and potentially throughout the global ocean. 

 

2.3 Methods 

 

2.3.1 Sample Collection 

 

Samples for this study were collected in the (sub-)tropical Atlantic 

Ocean (Figure 2-1) on RRS Discovery D361 cruise (February and March 

2011). All samples were collected using a conductivity, temperature, depth 

(CTD) rosette or in situ Stand Alone Pumping Systems (SAPS). See Table 2-1 

for collection details.  

 



  2. Molecular insights into fate of new N 

33 

During two-hour deployment, SAPS samples were collected on 

consecutively stacked 53 and 1 µm Nitex meshes in an attempt to separate 

the sinking portion of POM from suspended material. Samples were 

collected from depths ranging from 2 to 500 m. Upon retrieval, SAPS filters 

were carefully rinsed with 1L of filtered seawater to resuspend all collected 

material. Equal splits were the obtained using a folsom splitter. 25 mL of 

SAPS resuspension, representative of 47.9-85.5 L depending on total volume 

filtered (Table 2-1; Table A1), was filtered onto 0.7µm GF/F (Whatman) 

filters under low (2 mbar) vacuum pressure. To obtain surface reference 

samples, 2 L of CTD water was filtered onto 0.22 µm Durapore (Millipore) 

filters.  After filtration, filters were flash frozen in liquid nitrogen and stored 

at -80°C until DNA extraction.  

 

 

Figure 2-1. Stations sampled for nifH abundance on the D361. Total nifH 

abundance (gene copies m
-3

) in surface samples reveals the peak of detectable 

diazotrophic nifH was located between the equator and 10°N. Note that nifH was not 

detected in the surface at the southerly most station. 
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Table 2-1. Collection details and phylotype presence/absence 

    

Station Lat Lon Collection 

Depth 

(m) 

Size 

fraction 

(µm) 

Extracted 

Volume 

(L) 

Presence (+) / Absence (-) 

Fil Het1 Het2 

Group 

A 

Group 

B 

Group 

C 

Cluster 

III 

Gamma 

A 

10 07°13 S 25°00 W CTD 3.5 0.2 2 - - - - - - - + 

10 07°13 S 25°00 W SAPS 70 53 51.7 + - - - - - - + 

10 07°13 S 25°00 W SAPS 70 1 51.7 + - + - - - - + 

10 07°13 S 25°00 W SAPS 170 53 58.6 - - - - - - - - 

10 07°13 S 25°00 W SAPS 170 1 58.6 - - - - - + - - 

10 07°13 S 25°00 W SAPS 500 53 54.4 - + + - + - - - 

13 01°09 N 26°02 W CTD 21.5 0.2 2 + + - + - + - + 

13 01°09 N 26°02 W SAPS 70 53 47.9 + + + + - + - + 

13 01°09 N 26°02 W SAPS 70 1 47.9 - + + - - + - + 

13 01°09 N 26°02 W SAPS 170 53 51 + + + - - - - - 

13 01°09 N 26°02 W SAPS 170 1 51 - + - - - + - - 

13 01°09 N 26°02 W SAPS 500 53 85.5 - - - - - - - - 

16 08°20 N 28°20 W CTD 3 0.2 2 + + + - + + - + 

16 08°20 N 28°20 W SAPS 70 53 50.6 + + + + + + - + 

16 08°20 N 28°20 W SAPS 70 1 50.6 - + + - - + - + 

16 08°20 N 28°20 W SAPS 170 53 51.3 + - - - - - - - 

16 08°20 N 28°20 W SAPS 170 1 51.3 + - + - - + - - 

16 08°20 N 28°20 W SAPS 500 53 53.7 + - - - - - - - 

19 15°30 N 28°23 W CTD 1.2 0.2 2 + + + + + + - + 

19 15°30 N 28°23 W SAPS 85 53 50.6 + + + + + + - + 

19 15°30 N 28°23 W SAPS 85 1 50.6 - + + + + + - + 

19 15°30 N 28°23 W SAPS 170 53 58.6 + - - - - - - - 



  

 

3
5
 

  
2

.
 
M

o
l
e
c
u
l
a
r
 
i
n
s
i
g
h
t
s
 
in

t
o
 
f
a
t
e
 
o
f
 
n
e
w

 
N

 

 

 

 

 

Table 2-1 continued 

Station Lat Lon Collection 
Depth 

(m) 

Size 

fraction 

(µm) 

Extracted 

Volume 

(L) 

Fil Het1 Het2 Group A Group B Group C Cluster III Gamma A 

19 15°30 N 28°23 W SAPS 170 1 58.6 + - - - - + - - 

19 15°30 N 28°23 W SAPS 500 53 52.9 + - - + - - - + 

21 19°10 N 28°07 W CTD 6.2 0.2 2 + + + + + - - + 

21 19°10 N 28°07 W SAPS 140 53 50.3 + + - + - + -    + 

21 19°10 N 28°07 W SAPS 140 1 50.3 + - - + + + - - 

21 19°10 N 28°07 W SAPS 250 53 59.2 + - - + NA NA NA NA 

21 19°10 N 28°07 W SAPS 250 1 59.2 - - - + NA NA NA NA 

21 19°10 N 28°07 W SAPS 500 53 53.7 + - - - NA NA NA NA 
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2.3.2 Sample Extraction and DNA Quantification  

 

Frozen filters were manually crushed using a plastic pestle, and then 

samples were extracted using the Qiagen DNeasy mini plant kit according to 

the manufacturer’s protocol. Following extraction, DNA concentrations were 

determined using the RediPlate 96 dsDNA Quantitation Kit (Molecular 

Probes). DNA concentrations were read on a Fluoroscan Ascent microplate 

reader.  

 

2.3.3 nifH Quantification of in situ samples 

 

Previously described primers and probes were chosen for 

amplification of 8 nifH phylotypes (Table 2-2). The qPCRs were run on an ABI 

Prism 7000 (Applied Biosystems) using cycling conditions of 2 minutes at 

50°C, 10 minutes at 95°C, and 40 cycles of 95°C for 15 seconds, followed by 

1 minute at 60°C. Each 25 µL qPCR reaction contained 10 pmol/µL each of 

the forward and reverse primers, 100 pmol/µL of the corresponding probe, 

1 µL of bovine serum albumin, 5.25 µL of PCR water, 12.5 µL of TaqMan mix 

(Applied Biosystems), and 5 µL of template DNA from either a standard or an 

environmental sample (Langlois et al. 2008). The template DNA was 

equivalent to 1 to 5ng of DNA per reaction. Samples were run in duplicate 

and were quantified against serially diluted standards (10
7

 to 10
1

 gene 

copies). We considered C
t

 values, the cycle at which the amplification curve 

crosses the threshold of detection, above 37 to be detectable but not 

quantifiable (DNQ). Due to the different filter types used during collection 

and different volumes sampled (Table 2-1), we assume differences in 

collection and extraction efficiency were introduced between CTD and SAPS 

collected samples. Therefore, we consider this in situ data to be a qualitative 

assessment of nifH phylotype distribution in the study region and note that 

the SAPS-derived nifH values are likely underestimates of actual nifH 

abundance as a bias may have been introduced towards larger diazotrophs 
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due to prefiltration and loss during the rinsing and reconstituting of 

samples.  

However, as our SAPS extractions are representative of much larger 

volumes of water than is traditionally assessed, our analyses allow for a 

lower limit of detection than is conventionally accepted. Gene based 

abundances are typically carried out on extracts derived from volumes 

ranging from 0.5-5 L (Langlois et al. 2008; Goebel et al. 2010; Moisander et 

al. 2010; Kong et al. 2011). When following a standard Qiagen DNeasy mini 

plant kit DNA extraction protocol, the final extract volume is typically 80 µL. 

5µL of this extract is then typically added to a qPCR reaction for 

quantification of nifH. Although the assay is theoretically capable of 

detecting a single gene copy in the 5µL DNA template loaded, the actually 

volume represented would be 31.25-312.5 mL. Thus, in practice the 

detection limit when working with an example volume of 2L would be ≥8 

copies per litre. These large volume SAPS extractions afford us a unique 

sensitivity of detection. The limit of detection for this study in SAPS samples 

representative of 47.9-85.5 L therefore ranges from being able to detect a 

single nifH copy in 3-5 L. 

 

 

2.3.4 Statistical Assessments 

Statistical assessments of nifH community structure were carried out in 

PRIMER v6 (PRIMER-E Ltd). Raw nifH phylotype data was normalised to 

percent of total nifH each sample to ensure assessments were reflective of 

similarity between community structure and that statistical groupings were 

not biased towards differences in absolute abundance. Bray-Curtis 

dissimilarity matrices were produced to assess the differences between 

samples and allow for dendrogram construction. An analysis of similarities 

(ANOSIM) was then performed within PRIMER to test for statistically 

significant difference between samples. 
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Table 2-2. qPCR primers and TaqMan probes used in this study 

   

Target 
 

Primer 
Probe 

  Forward Reverse 

Filamentous TGGCCGTGGTATTATTACTGCTATC (165-189) GCAAATCCACCGCAAACAAC (275-256) 
AAGGAGCTTATACAGATCTA        

(206-225) 

Het-1 CGGTTTCCGTGGTGTACGTT (105–124) AATACCACGACCCGCACAAC (158-177) 
TCCGGTGGTCCTGAGCCTGGTGT 

(133-155) 

Het-2 TGGTTACCGTGATGTACGTT (106-124) AATGCCGCGACCAGCACAAC (158-177) 
TCTGGTGGTCCTGAGCCTGGTGT 

(133-155) 

UCYN-A TAGCTGCAGAAAGAGGAACTGTAGAAG (50–76) TCAGGACCACCGGACTCAAC (146–127) 
TAATTCCTGGCTATAACAAC            

(98-117) 

UCYN-B TGCTGAAATGGGTTCTGTTGAA (54–75) 
TCAGGACCACCAGATTCTACACACT (146–

122) 

CGAAGACGTAATGCTC                   

(87–102) 

UCYN-C TCTACCCGTTTGATGCTACACACTAA (1–26) 
GGTATCCTTCAAGTAGTACTTCGTCTAGCT 

(112–83) 

AAACTACCATTCTTCACTTAGCAG 

(32–55) 

Gamma A TTATGATGTTCTAGGTGATGTG (240–266) 
AACAATGTAGATTTCCTGAGCCTTATTC 

(321–294) 

TTGCAATGCCTATTCG              

(275–290) 

Cluster III ACCTCGATCAACATGCTCGAA (175–195) GCAGACCACGTCACCCAGTAC (267–247) 
CCTGGACTACGCGTTC                

(225–240) 

All sequences are 5' to 3' and relate to the 324-base nifH segment, and come from Langlois et al. 2008 and Foster et al. 2007 
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2.4 Results 

 

2.4.1 nifH abundance of in situ samples 

 

Apart from station 10 (Figure 2-2A-B, purple), where nifH was rarely 

detectable and surface abundance consisted solely of the non-cyanobacterial 

nifH phylotype Gamma A, total nifH detected below the mixed layer was 

consistently lower than surface nifH by at least an order of magnitude, and 

abundance generally decreased with depth at stations north of the equator.   

As SAPS collected samples were originally prefiltered during collection 

onto 53 µm and 1 µm filters, thus excluding anything smaller than 1 µm for 

samples collected at 10 and 100 m below the mixed layer and anything 

smaller than 53µm for samples collected at 500 m, we can assume all SAPS 

collected samples are underestimations of actual nifH abundance, and that 

we have under sampled the unicellular cyanobacterial and non-

cyanobacterial nifH. However, as the >53µm size fraction is considered to 

represent sinking material, we are confident that these samples have 

captured an accurate representation of the nifH associated with diazotrophs 

within this larger size fraction of POM, such as Trichodesmium and the 

DDAs.  
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Figure 2-2.  (A) Total nifH detected in each sample at each station (latitudinal color 

bar) along the north-south transect from 2 – 500 m illustrating rapid attenuation of 

nifH with depth. Note log scale. (B) Individual phylotype nifH detected at depth 

alongside water column nitrogen fixation rates. (C) Latitudinal section of 

temperature (°C) along the north-south cruise transects demonstrating nearly all 

SAPS samples collected below 100 m were outside of the mixed layer.  
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2.4.2 Dominance and distribution all phylotypes 

 

Gamma A non-cyanobacterial nifH and Trichodesmium-attributable nifH 

were ubiquitous in this study region with detectable nifH for these 

phylotypes at every station (Figure 2-4). Group B and C cyanobacteria nifH 

abundances were maximal at stations 19 (15°30 N) and 16 (8°20 N) 

respectively, but Group A and Trichodesmium-associated nifH dominated 

total nifH community structure at these stations (Figure 2-4).  

The non-cyanobacterial nifH phylotype Cluster III was undetectable in 

all samples. As the standard curves were normal for this phylotype (Figure 2-

3), we assume it was not present in this study region. All other phylotypes 

assessed were found outside of the mixed layer (60 - 130 m) at at least one 

station along the cruise transect. Excluding zero values, the abundance of 

total nifH detected in each sample varied from 253 gene copies m
-3

 in the 

170 m sample at the southern most station, 7°13 S (station 10), to 25.7 x 

10
7

 gene copies m
-3

 in the surface sample at 8°20 N (station 16) (Figure 2-4). 
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Figure  2-3. Standard curves for qPCR assessments of serially diluted standards for all eight phylotypes. R
2 

= 0.999 for the filamentous standard 

(Fil, blue asterisks); R
2 

= 0.991 for the Richelia-Rhizosolenia standard (Het1, orange circles); R
2 

= 0.999 for the Richelia-Hemiaulus standard 

(Het2, pink rectangles); R
2 

= 0.999 for the Group A cyanobacteria standard (UCYN-A, blue crosses); R
2 

= 0.998 for the Group B cyanobacteria 

standard (UCYN-B, green triangles); R
2 

= 0.984 for the Group C cyanobacteria standard (UCYN-C, red squares); R
2 

= 0.998 for the Gamma A 

standard (purple crosses); R
2 

= 0.997 for the Cluster III standard (blue diamonds).    
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Figure 2-4. Latitudinal sections of absolute nifH phylotype abundance (gene copies 

m
-3

) along the D361 transect demonstrating unicellular affinity for higher latitudes 

and cooler temperatures, filamentous nifH localisation just north of the equator, 

and the ubiquity of the non-cyanobacterial Gamma A nifH in the surface layer. Note 

varying scales. 
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Figure 2-4 Continued. Latitudinal sections of absolute nifH phylotype abundance 

(gene copies m
-3

) along the D361 transect demonstrating unicellular affinity for 

higher latitudes and cooler temperatures, filamentous nifH localisation just north of 

the equator, and the ubiquity of the non-cyanobacterial Gamma A nifH in the 

surface layer. Note varying scales. 



  2. Molecular insights into fate of new N 

 45 

 

 

Figure 2-4 Continued. Latitudinal sections of absolute nifH phylotype abundance 

(gene copies m
-3

) along the D361 transect demonstrating unicellular affinity for 

higher latitudes and cooler temperatures, filamentous nifH localisation just north of 

the equator, and the ubiquity of the non-cyanobacterial Gamma A nifH in the 

surface layer. Note varying scales. 
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Figure 2-4 Continued. Latitudinal sections of absolute nifH phylotype abundance 

(gene copies m
-3

) along the D361 transect demonstrating unicellular affinity for 

higher latitudes and cooler temperatures, filamentous nifH localisation just north of 

the equator, and the ubiquity of the non-cyanobacterial Gamma A nifH in the 

surface layer. Note varying scales. 

 

2.4.3 nifH dominance and distribution of the four main diazotroph 

phylotypes  

 

I was unable to detect nifH from any of the four main groups of 

cyanobacterial diazotrophs (Group A unicellular, filamentous, and both 

heterocystous phylotypes) in the 500 m sample at station 13 (1°09N) and in 

the 2 m and 170 m samples at the southerly most station (station 10, 7°13 

S). All other samples had diazotrophic community structure which could be 

characterised by dominance by a single nifH phylotype.  

Unicellular Group A cyanobacterial-attributable nifH was dominant in 

the surface samples at the northerly most stations 19 (15°30 N) and 21 
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(19°10 N), while Trichodesmium-attributable nifH dominated the surface 

samples between the equator and 10° N. This relationship was not 

consistent in deeper samples, such as the northerly most station, station 21, 

where Trichodesmium-attributable nifH was the sole component of the 500 

m sample (Table 2-1).  Among the four main groups of cyanobacterial 

diazotrophs, Bray Curtis dissimilarity and ANOSIM assessments did not 

reveal any statistically significant grouping of nifH phylotype dominance 

with latitude (Figure 2-5). At all stations except for the southerly most 

station, station 10 (7°13 S), nifH phylotypes that were present in samples 

outside of the mixed layer were also present in the surface sample. 

However, the dominant nifH phylotype in a surface sample was not always 

the dominant nifH phylotype in the deeper samples at the same station, 

such as at stations 19 and 21 where Group A was dominant at the surface, 

while Trichodesmium was dominant below the mixed layer (Figure 2-5), and 

total nifH abundance was highly variable.  

Trichodesmium-attributable nifH constituted the majority of detectable 

nifH in the surface layer between the equator and 10°N, where it composed 

98.1 and 99.6% of total detectable nifH at stations 13 (1°09 N) and 16 (8°20 

N), respectively. Trichodesmium nifH dominance was also echoed in deeper 

samples at these stations at 10 m below the mixed layer composing 66.2% 

of diazotroph community structure at station 13 and 94.7% at station 16. 

Trichodesmium’s surface dominance was replaced by unicellular diazotrophs 

to the north, where Group A cyanobacteria contributed 89.5 and 93.0% to 

total detectable nifH in the surface samples at stations 19 and 21 (Figure 2-

5). Trichodesmium nifH was dominant in deeper samples at these stations at 

10 m below the mixed layer composing 80.6% of nifH community structure 

at station 19 and 43.5% at station 21.  
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Figure 2-5. Bray Curtis dissimilarity dendrogram of nifH diversity normalised to total nifH in each sample. Relative proportions of nifH 

phylotypes within each sample are indicated by colour distributions in each bar: Trichodesmium-attributable nifH (purple), Group A 

Cyanobacteria-attributable nifH (green), Hemiaulus-Richelia-attributable nifH (red), and Rhizosolenia-Richelia-attributable nifH (blue); bar height 

represents absolute nifH abundance in each sample. Starred samples represent no nifH detection or absolute nifH abundance below 1000 

copies m-
3

. Sample labels are displayed at the station number followed by the depth of the sample.  
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2.5  Discussion 

 

These results indicate that filamentous, heterocystous, and unicellular 

diazotrophs are escaping the surface layer and are all potentially contributing 

to particulate export in this study region. The mechanisms by which this is 

occurring are not well defined, but we speculate a cumulative influence of 

passive sedimentation, aggregation, and grazing, as is described for 

Trichodesmium via optical observations in Chapter 3. Guidi et al. (2012) have 

also suggested active export of Trichodesmium would be possible in 

association with eddies in the North Pacific Subtropical Gyre. This may also be 

important in this study region where enhancement of POC export by eddies 

has been previously observed (Sweeney et al. 2003, Davis and McGillicuddy 

2006). We assume enhancement of diazotroph export by eddies would not be 

restricted to Trichodesmium and would likely influence the fate of all 

diazotroph-derived new nitrogen. Additionally, other mechanisms exist 

whereby diazotroph-derived N could contribute to export fluxes secondarily, 

following incorporation into other material, such as following viral lysis of the 

cells (Hewson et al. 2004) or extracellular release of fixation products (Glibert 

and Bronk 1994, Foster et al. 2011). 

The symbiotic association between the Group A unicellular 

cyanobacterium, A. thalassa, and its haptophyte host (Thompson et al. 2012) 

implies there is also the potential for this group to contribute to export via a 

variety of mechanisms, such as ‘export by association’ if the host is apt to 

aggregation or is grazed upon. The host of A. thalassa is closely related to the 

heavily calcified coccolithophore genus Braarudosphaera, which is well 

documented in the fossil record (Kelly et al. 2003) suggesting its relatives may 

also be susceptible to sinking and thus contributing to export. This data 

revealed Group A specific nifH was present at 500 m in the open ocean, and 

nifH specific to Group A unicellular cyanobacteria has previously been 

amplified in coastal sediment samples (Thompson and Zehr 2013) suggesting 

the loss of new nitrogen within Group A from the euphotic zone is potentially a 

widespread occurrence. Similarly, some Group B unicellular cyanobacteria are 

known to associate with the diatom Climacodium frauenfeldianum (Carpenter 
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and Janson 2000; Foster et al. 2011), and may also be susceptible to export by 

association as is seen with the DDAs Richelia-Rhizosolenia and Richelia-

Hemiaulus (Karl et al. 2012). 

Historically, Trichodesmium is thought to be the dominant nitrogen fixing 

organism in this study area (Tyrrell et al. 2003, Moore et al. 2009, Zehr 2011, 

Groβkopf et al. 2012), and is potentially capable of accounting for the majority 

of the geochemically derived rates of nitrogen fixation inferred from the N* 

distributions in the North Atlantic (Gruber and Sarmiento 1997, Capone et al. 

2005, Mahaffey et al. 2005, Hansell et al. 2004, 2007). These results indicate 

Trichodesmium’s dominance is restricted to the surface layer between the 

equator and 10°N. Farther to the north unicellular diazotrophs compose the 

majority of nifH community structure. This was not consistently echoed in 

deeper samples, which implies that Trichodesmium may be more likely to sink 

out of the mixed layer than Group A cyanobacterium. As only a >53 µm size 

fraction sample was taken at 500 m depth and the association between Group 

A and its host is known to be very weak (Tripp et al. 2010), the 500 m 

collections may have under sampled Group A, specifically at particle-light 

station 21, where turbulence from the pump could cause disassociation of the 

cyanobacterium from its host and loss of the former through the large mesh 

size. The presence of Group A in the 500m sample at station 19 highlights the 

potential for Group A to reach this depth and thus it’s potential to transport 

new nitrogen out of the upper ocean. The 500 m sample at station 19 had 

nearly double the POC as the station 21 sample at the same depth (0.44 vs. 

0.26 µgC L
-1

) implying that even if Group A became detached from its host 

during collection, there may have been retention of the cyanobacterium on the 

filter by all of the other particulate material present. Future investigation of the 

diversity and abundance of nifH containing organisms at depth using a qPCR 

approach will require optimisation of the sampling procedures to ensure that 

larger volume collections are representative of an unbiased sample. 

South of the equator at station 10, diazotroph abundance was minimal, 

and nifH was undetectable at the surface (Figure 2-4); this is likely to be due to 

the lack of the iron-rich aerosol deposition in this region, which is known to 

support diazotrophic growth north of the equator (Moore et al. 2009). At 10 m 

below the mixed layer, nifH from Trichodesmium and Richelia-Hemiaulus 

contributed 92.7% and 7.3% to diazotrophic community structure respectively. 
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The presence of these diazotrophs at depth, but not at the surface implies a 

temporal component to these findings; it is likely that in the days prior to the 

sampling these organisms were present in the surface, but sank or were 

otherwise transported to depth before we encountered them. In the 500 m 

sample at station 10 Trichodesmium-attributable nifH was undetectable, but 

Richelia-Hemiaulus and Richelia-Rhizosolenia attributable nifH, was present and 

composed 78.7% and 21.3% of diazotrophic community structure respectively. 

The complete absence of the Cluster III nifH phylotype in this study 

region is unexpected. The Cluster III nifH phylotype may be particularly 

important in the oligotrophic North Pacific Ocean where it has been seen to 

dominate nifH communities in the lower photic zone (Church et al. 2005a) or 

in the western subtropical Atlantic Ocean where it has been observed 

previously (Langlois et al. 2008). However, previous reports of its distribution 

have documented an affinity for cooler temperatures than were observed in 

this study (Farnelid et al. 2011). Langlois et al. (2008) observed this phylotype 

to be associated with mean water temperatures of 18°C, which is 5°C cooler 

than the lowest temperature encountered on this transect. Cluster III specific 

nifH has also been found to dominate nifH community structure in the Arctic 

(Farnelid et al. 2011).  

Furthermore, Cluster III anaerobes have previously been described to 

associate with zooplankton (Braun et al. 1999). The lack of Cluster III detection 

may be due to methodology as “swimmers” (zooplankton) were picked from 

SAPS filters following collection and were not subsequently included in DNA 

extraction. This zooplankton associated nifH is not well defined. If Cluster III 

nifH is expressed and nitrogen fixation is occurring inside zooplankton, this 

highlights an opportunity to explore whether faecal pellets contain new 

nitrogen, thus further contributing to export. 

The majority of qPCR nifH assessments to date have come from small 

volume samples in the upper ocean, which may highlight an under-sampling 

bias both in vertical extent and sample volume. Church et al. (2005a) assessed 

nifH phylotype diversity in 1L samples as deep as 200 m, and found that Group 

B and Cluster III nifH was still detectable in the deepest samples while Group A 

and Trichodesmium nifH was not. Potentially these phylotypes were present, 

but under the detection limit, and would have been revealed with larger 
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volume sampling. This idea is supported by optical observations of 

Trichodesmium in the 150 to 200 m depth range and below in this (Chapter 3) 

and other studies (Carpenter and Price 1977; Scharek et al. 1999b). 

Additionally, the detection of Trichodesmium and Group A associated nifH in 

larger volume samples in this study provides further support for the idea that 

previous assessments have under-evaluated nifH presence at depth. 

 

2.6 Conclusion 

 

These results suggest that filamentous, heterocystous, and unicellular 

diazotrophs are all being removed from the mixed layer and are likely to be 

involved in the export of PON through a variety of potential mechanisms. 

Previously Trichodesmium and R. intracellularis have only been observed to 

contribute to export following incorporation in fecal pellets or following 

surface blooms (Scharek et al. 1999a; 1999b, Mulholland 2007), and it has 

only recently been suggested that Group A unicellular cyanobacteria could 

contribute to export by association with their host (Thompson and Zehr 2013). 

Further investigation of the mechanisms contributing to diazotroph presence 

in sinking material will give a clearer idea of the fate of the nitrogen fixed by 

these organisms and hence expand the definition of their biogeochemical 

roles.  

Quantitative PCR of the nifH gene is clearly a fundamental tool in the 

study of marine diazotrophs and comparison of the distributions of various 

nifH phylotypes in the surface and at depth will aid in the elucidation of 

species specific fates. This work represents some of the first comprehensive 

qPCR analyses of nifH in marine snow and other sinking particulate material 

and thus provides vital insight into the contribution nifH containing organisms 

are making to export.  

Quantifying the extent to which these groups are exporting will provide 

novel insight into the cycling of fixed nitrogen in the oligotrophic ocean and 

determining the fate of newly fixed nitrogen by nitrogen fixers will provide 

insight to the nitrogen budget through delineation of utilised, remineralised, 
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and deep-ocean-sequestered fixation products. Contrary to previous 

expectations, results suggest that all three groups of marine diazotrophs are 

constituents of sinking material and are exported out of the euphotic zone in 

the subtropical and tropical Atlantic Ocean. Diazotrophs play a vital role in 

global biogeochemical cycles by providing significant amounts of newly fixed 

nitrogen to surface ocean globally. As we assume for Trichodesmium (Chapter 

3), some of that new nitrogen could potentially be injected into the water 

column below the mixed layer following remineralisation, which in turn could 

contribute to the N* anomaly. 
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3. Describing the presence of 

Trichodesmium spp. in sinking material 

3.1 Abstract 

Trichodesmium plays a major role in ocean biogeochemical cycling through 

supplying fixed nitrogen to the warm surface ocean. However, the 

subsequent fate of the nitrogen fixed by Trichodesmium and its role in the 

biogeochemistry of deeper waters has yet to be established. We examined 

the loss of Trichodesmium derived organic carbon and nitrogen from the 

surface ocean to the ocean interior through sinking/settling. Sinking 

particles were collected and assessed for Trichodesmium presence in the 

subtropical and tropical Atlantic Ocean. Trichodesmium was commonly 

present below 100 m in three forms: tufted colonies, free filaments, and free 

filaments associated with aggregations of other organisms and faecal 

matter. We collected negatively buoyant Trichodesmium colonies sinking at 

12 - 120 m d
-1

 between depths of 80-250 m in all regions where 

Trichodesmium was a significant component of the surface population. Free 

filaments were also observed in low concentrations as deep as 500 m. 

Contrary to the previous belief that Trichodesmium was constrained to the 

surface layer and did directly contribute to export, these results suggest 

that despite its buoyancy during active growth, Trichodesmium can be an 

important constituent of sinking material with an average of 8.8% of the 

surface Trichodesmium standing stock leaving the mixed layer each day. 

Biomass estimates suggest that Trichodesmium contributes 0.4-3% of the 

total particulate organic nitrogen (PON) standing stock directly beyond the 

mixed layer and an average of 5.6% of the total PON flux leaving the mixed 

layer along a latitudinal transect in the Atlantic Ocean. These results provide 

some of the first characterizations of the mechanisms by which 

Trichodesmium (and diazotrophs in general) could contribute to the N* 

anomaly observed in the thermocline in the North Atlantic sub-tropical gyre. 
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3.2 Introduction 

 

Dinitrogen fixation by marine diazotrophs constitutes the leading source 

of external nitrogen to the ocean (Zehr and Kudela 2011). However, with a 

few notable exceptions (Karl et al. 2012), we lack knowledge of the short 

term fate of the newly fixed nitrogen contributed to the surface ocean 

microbial community by these organisms, which limits our understanding of 

their integrated biogeochemical role. Trichodesmium is a buoyant, 

filamentous cyanobacterium that is found in warm oligotrophic oceans in 

colonial aggregations and as free trichomes (Capone et al. 1997), and is the 

most conspicuous marine diazotroph. The highest abundances of 

Trichodesmium in the Atlantic have historically been observed to correlate 

with shallow mixed layer depth and areas estimated to have high iron 

deposition (i.e. between 0 and 15°N) (Tyrrell et al. 2003; this study), 

although this relationship appears to breakdown north of this latitudinal 

range where Trichodesmium abundance has been observed to correlate 

more closely with temperature (Agawin et al. 2013).  

Actively growing Trichodesmium populations are predominantly 

observed in the upper portion (0 to ~50 m) of the water column (Carpenter 

and Price 1977; Carpenter et al. 2004). Recent work has documented that 

Trichodesmium colonies can also be well distributed down to ~120 m in 

some regions (Davis and McGillicuddy Jr. 2006). Deeper (>50 m) populations 

of Trichodesmium have frequently been hypothesized to consist of vertically 

migrating colonies (Kromkamp and Walsby 1992; White et al. 2006). 

Buoyancy in Trichodesmium is provided by the presence of gas vacuoles 

(Walsby 1978), and is controlled by carbohydrate ballasting (Villareal and 

Carpenter 2003). Models of carbohydrate ballasting in Trichodesmium 

suggest that vertical migrations of large (≥1500 µm radius) colonies could 

span 200 m for nutrient mining (e.g. phosphorus acquisition) (Kromkamp 

and Walsby 1992; White et al. 2006), but are realistically more likely 

confined to the upper 70 m of the water column (Villareal and Carpenter 

2003).  
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Unlike diazotrophic diatom assemblages (DDAs), which have been 

observed to predominate sediment trap collections in regions where both 

DDAs and Trichodesmium are present in the surface layer (Scharek et al. 

1999b; Karl et al. 2012), Trichodesmium has rarely been reported to reach 

the deep ocean (>1 km) intact. Consequently, Trichodesmium is not thought 

be an important component of direct export.  

The relative abundances of the macronutrients nitrate and phosphate can 

be used to infer inputs and loss of nitrogen through the biological processes 

of nitrogen fixation and denitrification respectively (Gruber and Sarmiento 

1997). The derived N* tracer (Chapter 1, equation 1) (Gruber and Sarmiento 

1997; Hansell et al. 2004, 2007; Moore et al. 2009), indicates deviation of 

the local nitrate and phosphate pools from the N:P ratio of typical 

particulate organic matter (POM), assumed to have a canonical value of 16:1 

(Redfield 1934). Gradients of increasing N* can hence be used to infer a net 

gain of nitrogen through nitrogen fixation or other sources (Gruber and 

Sarmiento 1997; Hansell et al. 2004, 2007), which are discussed in more 

detail in Chapter 1. Throughout the majority of the global ocean, N* is 

negative within the thermocline and in deeper waters (Gruber and Sarmiento 

1997; Moore et al. 2009). However, north of the equator in the Atlantic 

there is a positive N* anomaly in the subtropical thermocline to ~1100 m 

(Hansell et al. 2007) (Figure 3-1). Moreover the isotopic signature of the 

nitrate pool in the subtropical North Atlantic thermocline indicates that 

newly fixed nitrogen is contributing to this N* anomaly (Gruber and 

Sarmiento 1997; Karl et al. 2002; Knapp et al. 2008). 

Various studies have inferred nitrogen fixation rates in the Atlantic on 

the basis of both the N* anomaly (Gruber and Sarmiento 1997; Hansell et al. 

2004, 2007) and the isotopic anomaly of the nitrate pool (Knapp et al. 

2008), with the range of recent estimates spanning 0.4 – 2 Tmol N year 
-1

 

(Gruber and Sarmiento 1997; Hansell et al. 2004, 2007; Knapp et al. 2008). 

Trichodesmium appears to be the dominant nitrogen fixing organism in the 

tropical and sub-tropical North Atlantic (Tyrrell et al. 2003; Moore et al. 

2009; Groβkopf et al. 2012) potentially fixing around 1.6 Tmol N year
-1

 

(Capone et al. 2005).  

 



E. Sargent 

58 

Consequently this organism may contribute a significant, if not the 

dominant fraction of the geochemically derived estimates of nitrogen 

fixation in the region (Capone et al. 2005; Mahaffey et al. 2005).  

For nitrogen fixation to be capable of explaining some of the anomaly in 

N* within the North Atlantic thermocline, a mechanism is required for newly 

fixed nitrogen to be transferred to depth (Hansell et al. 2004, 2007), such 

as remineralisation of diazotroph biomass and advection of resultant 

nutrients (Yoshikawa et al. 2013) or active transport of diazotroph biomass 

to depth via eddies (Guidi et al. 2012). If nitrogen fixation by 

Trichodesmium is to be capable of contributing significantly to the anomaly 

in N* within the North Atlantic thermocline and consequential phosphate 

depletion in surface waters of the gyre (Wu et al. 2000; Moore et al. 2009), 

such mechanisms require further investigation. Mulholland (2007) 

suggested Trichodesmium-derived material is likely recycled in the euphotic 

zone through the microbial loop, but could also be exported in faecal 

material following grazing with release of Trichodesmium-derived nutrients 

into the water column during sloppy feeding or microbial break down of 

faecal material (Sellner 1992). Other potential fates of Trichodesmium-

derived newly-fixed nitrogen could follow cellular lysis, autocatalytic 

programmed cell death (PCD), or extracellular release of fixation products, 

but all previous assessment of these processes have occurred in near-

surface collected or cultured samples (Capone et al., 1994; Glibert and 

Bronk, 1994; Hewson et al., 2004; Mulholland et al., 2004, 2007; Bar-Zeev 

et al. 2013). This highlights an unexplored area of the fate Trichodesmium 

in deeper waters. 

The current study focuses on tracing the fate of Trichodesmium-derived 

new nitrogen through the assessment of multiple export mechanisms along 

a transect in the (sub-)tropical Atlantic. Determining the fate of newly fixed 

nitrogen by diazotrophs provides insight into nitrogen cycling through 

delineation of shallow, remineralised, and deep-ocean-sequestered fixation 

products. We document evidence of grazing on Trichodesmium and detail 

the presence of Trichodesmium outside of the euphotic zone as both free 

trichomes incorporated in sinking aggregates and unincorporated sinking 

colonies. When combined with 
234

Th derived PON fluxes, observations of 

sinking Trichodesmium allow us to estimate this organism’s contribution to 
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export fluxes. Overall, this data suggests substantial remineralisation of 

Trichodesmium-derived organic material between 100 and 500 m, which we 

suggest contributes to the N* anomaly observed in the thermocline of the 

sub-tropical gyre further to the north. 

 

 

3.3 Methods 

 

3.3.1  Sample Collection  

 

Sampling was carried out in February-March 2011 (D361; 03 Feb 2011 

– 19 March 2011) on the RRS Discovery during a transect spanning the (sub-

)tropical Atlantic Ocean (Figure 3-1). The Marine Snow Catcher (MSC) and in 

situ Stand Alone Pumping Systems (SAPS) were used to collect sinking 

particles from below the Deep Chlorophyll Maximum (DCM) at the base of 

the euphotic zone. Hydrographic data and the depth of the DCM were 

determined using a CTD interfaced with a Chelsea MKIII Aquatracka 

fluorometer. Water column oxygen profiles were determined using a CTD 

mounted Sea-Bird 43 oxygen sensor. Additional measurements of 

Trichodesmium colony sinking speeds were undertaken in July 2011 

(CH0711; 04 July 2011 – 27 July 2011) on the RV Cape Hatteras in the Gulf 

of Mexico. 

A B 
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Figure 3-1. Sampling locations. (A) D361 cruise track overlain on N* (µmol kg
-1

) 

along the 26.8σθ and (B) SST (degC). Data from Key et al. (2004).  (C) CH0711 

stations overlain on SST (degC) from shipboard measurements. 

 

3.3.2 Marine Snow Catcher Deployment  

 

The MSC (Figure 3-2A), a messenger-operated PVC closing water bottle, 

samples 100 L of seawater during deployment, and allows for collection of 

sinking particles with minimal turbulent agitation (Lampitt et al. 1993). The 

MSC allows for the separation of fast and slow sinking particulate material 

(Riley et al. 2012). After each of 9 deployments to 10 m below the DCM on 

D361 (35-100 m), the MSC was recovered and lashed upright on deck for 2-

3 hours to allow particles to settle into a 7 L ‘aquarium’ chamber at the 

bottom of the sample column. The top 93 L of water was then drained 

through a 20 µm mesh and the concentrate was resuspended and preserved 

in 2% acidic Lugol’s iodine to allow for Trichodesmium trichome and total 

cell enumeration. Once the top column was empty, it was detached from the 

C 
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aquarium and any particles which had sunk to the bottom were collected 

from the base.  

 

 

Figure 3-2. The 100L Marine Snow Catcher (A) and the particle collection technique 

(B): each particle was transferred from the aquarium to an individual well in a welled 

plate using a glass Pasteur pipette.  

 

 

3.3.3 Particle Collection 

 

Individual aggregates, faecal pellets, and whole colonies of 

Trichodesmium were picked out of the base unit using a glass Pasteur 

pipette and were transferred to welled plates for observation and imaging 

under an optical microscope and/or for use in sinking rate experiments 

(Figure 3-2B). Each aggregate was picked from the aquarium chamber and 

was immediately transferred into an individual well of a 24-well culture plate 
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containing 1mL of 0.2µm filtered seawater. This was done in an attempt to 

ensure artificial aggregation would not occur between free filaments and 

aggregates during storage and transfer as trichomes were observed 

unentangled in MSC collections in both the top column and in the aquarium 

chamber following the two hour settling period. Trichodesmium colony 

length was measured on a millimetre-scale ocular micrometer under a 

dissecting microscope at 10x magnification, with measurements were 

documented to the nearest 0.5 mm. Particles that were not mounted for 

shipboard microscope observations were preserved in either 2% acidic 

Lugol’s iodine or 5% buffered formalin for post cruise image analysis. 

Handling and transfer of particles was kept to a minimum as morphological 

alteration of particles through physical manipulation could affect sinking 

rates and imaging. The water remaining in the aquarium after all visible 

particles had been picked out was drained through a 20 µm mesh and the 

concentrate was resuspended and preserved in acidic Lugol’s iodine to allow 

for trichome and total Trichodesmium cell enumeration. 

 

3.3.4 Sinking Rates 

 

Sinking rate data was combined from the two cruises. During D361, 4 

colonies collected from below 100m were used in sinking rate experiments. 

During the separate cruise in July 2011 (Gulf of Mexico), sinking rates for 24 

additional Trichodesmium colonies collected between 100 and 250 m were 

calculated in a 2 L graduated cylinder filled with surface seawater at ambient 

temperature. Colonies were transferred into the measuring cylinder using a 

Pasteur pipette, or inoculation loop depending on Trichodesmium colony 

size. Colonies were placed just below the water surface in the settling 

column (Martin et al. 2010), then monitored settling over the 0.5m length of 

the column for 60 minutes, with observations performed at 5, 6, 7.5 and 10 

minutes from the start of the experiment, and every 5 minutes after that. 

Sinking rates were then calculated based on the maximum time interval at 

which individual colonies reached the bottom of the cylinder. Duplicate 

measurements of sinking rates were made for 17 colonies, the remaining 11 
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colonies disassociated into free filaments between the first and second 

measurement. 

 

3.3.5 SAPS Deployment 

 

During deployment on D361 the SAPS pumped between 1000-2000 L 

of seawater through size fractionated (53 µm and 1 µm) Nitex meshes at 10 

m, 100 m and 500 m below the base of the mixed layer (determined from 

temperature profiles) for sinking particle collection (collection details: 

Chapter 2, Table 3-1). Once recovered, particles were rinsed off the meshes 

with 1 L of filtered seawater and the resuspension was split into four equal 

parts with a Folsom splitter, one of which was preserved in 2% acidic Lugol’s 

iodine for microscope counts. Another split was filtered onto pre-combusted 

(450°C for 12 hours) 25 mm diameter, 0.7 µm pore size Whatman GF/F for 

particulate organic carbon and nitrogen (POC/PON) analysis post-cruise. 

POC/PON samples were fumed with 37% HCl for 24hrs, dried, pelleted in 

pre-combusted aluminium capsules and analyzed for organic carbon and 

nitrogen with a CHN analyzer (Thermo Finnigan EA 1112 Series Flash 

Elemental Analyzer). 

 

3.3.6 Trichodesmium Enumeration and Biomass Estimation 

 

 Colony and trichome counts were performed on preserved samples. 

Cell abundance was directly measured for free trichomes as the number of 

cells per trichome was easily quantifiable, while the lengths of free 

trichomes were variable (Figure 3-3). When Trichodesmium was present in 

aggregates and faecal pellets, cell counts were performed for visible 

material only. Surface abundances of Trichodesmium were determined by 

gravity filtering a 20 L CTD surface bottle through a 47 mm diameter 10 µm 

pore size, polycarbonate filter. The resultant concentrate was rinsed and 
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resuspsended in 30-45 mL filtered seawater and preserved in 2% acidic 

Lugol’s iodine. 

 To facilitate comparison against measured standing stock of POC/PON 

of SAPS collected material, Trichodesmium biomass was estimated assuming 

166 pgC per cell, which was determined assuming 10 µm x 10 µm cell size 

applied to the protocol of Kovala and Larrence (1966). The estimated carbon 

content per cell, 166 pgC cell
-1

, was then converted to PON using the 

average C:N ratio of Trichodesmium biomass, 6.3 (Mulholland 2007). The 

calculated carbon content per Trichodesmium cell falls within colonial 

carbon content observed by Carpenter et al. (2004) and within the range for 

the dominant Trichodesmium species in the Atlantic, T. thiebautii (O’Neil 

1998; Carpenter et al. 2004; Capone et al. 2005). Luo et al.(2012) reported 

a carbon content of 120 ± 57 pgC per cell for T. thiebautii, which was 

calculated from biovolume data derived from Hynes et al. (2012) applied to 

a carbon content model described by Verity (1992); the 166 pgC per cell 

assumption was outside of the range determined by Luo et al. (2012) for T. 

erythraeum (65 ± 32 pgC per cell), which is another common Atlantic 

Trichodesmium species (O’Neil 1998; Carpenter et al. 2004; Capone et al. 

2005). 

 

 

 

 

Figure 3-3. Forms of Trichodesmium collected. Colonial  puff (A) and colonial tuft 

(D), as was quantified in the Gulf of Mexico collections, and free trichomes (B, C), 

which vary in length, as were quantified in the Atlantic. Scale bars represent 100μm. 
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3.3.7 Nitrogen Fixation Rates 

 

N
2

 fixation rate data for the D361 cruise was provided by Dr. David 

Honey. It was determined from incorporation of 
15

N
2

 gas assimilation as 

previously described (Montoya et al. 1996; Moore et al. 2009). Briefly, 4.5 L 

polycarbonate bottles with screw cap seals and silicon septa were 

completely filled with CTD captured seawater so that no air bubbles 

remained. Each bottle was then injected with 4 mL 
15

N
2

 gas using the method 

described by Montoya et al. (1996). The spiked bottles were then placed in 

deck incubators cooled to sea surface temperature using running seawater 

and at light levels shaded to approximate in situ conditions using blue and 

natural density filters. After 24 hours the contents of each bottle were 

filtered onto pre-ashed glass-fibre filters (Whatman GF/F or Fisherbrand 

MF300), which were subsequently folded into eppendorf tubes and dried for 

24 hours at 40°C. After drying samples were stored in a cool, dry 

environment until analysis by isotope ratio mass spectrometry on a Thermo 

Finnigan EA 1112 Series Flash Elemental Analyzer. Use of the bubble 

injection technique potentially led to systematic underestimation of actual 

rates by up to 50% (Groβkopf et al. 2012; Wilson et al. 2012). Rates were 

integrated over the upper 20 to 50 m of the water column at each station. 

 

3.3.8 234

Th-derived PON Fluxes 

 

The thorium-derived PON flux data for D361 was provided by Katsia 

Pabortsava. To determine total 
234

Th activity in seawater, the ‘small volume’ 

technique (Pike et al. 2005) was used. Within ~1 hour of collection, seawater 

samples were acidified to a pH of 1-2 with concentrated nitric acid at 

1.5ml/L to separate 
234

Th from parental 
238

Uranium and shaken vigorously. 

50µl (0.35Bq/g) of 
230

Th yield tracer was then added. The samples were 

vigorously shaken again and left to equilibrate for 6-8hrs. After 

equilibration, 7-8ml of ammonium hydroxide was added per sample to bring 

the pH to 8.0-8.1. To form suspension of manganese oxide, 50µl (7.5mg/L) 
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of potassium permanganate and 50µl (7.5mg/L) of manganese chloride were 

subsequently added to seawater samples. The manganese oxide precipitate 

was then allowed to scavenge 
234

Th for 6-8hrs. The contents were then 

filtered onto ashed 25mm QMA (Whatman) filters. Filter precipitates were 

dried for 12-24hrs at 60°C and then mounted onto Risø beta-counter filter 

holder under a layer of Mylar film and aluminium foil in order to shield 

alpha-particles and low energy beta-emitters. 
234

Th was quantified by 

counting daughter 
234m

Protactinium (t
1/2

=1.2 min) on a low-level Argon gas-

flow 5-sample GM-25 beta-counter manufactured by Risø National 

Laboratories (Roskilde, Denmark). The unit was completely shielded by lead 

bricks to reduce background count rates. To assess efficiency of beta-

counting, deep water (from >1000 m depth) was collected and analyzed for 

234

Th activity. The activity of parental 
238

U was calculated from salinity 

according to Chen et al. (1986). Initial counting was followed by a final 

background radiation count after >7 half-lives of 
238

Th decay (~6 months).  

 

 

3.4 Results 

 

3.4.1 Spatial Distribution 

 

Sampling spanning depths of 2-500 m in the subtropical and tropical 

Atlantic Ocean, demonstrated that Trichodesmium was a major component 

of surface community structure relative to other diastrophic organisms 

(Chapter 2). Trichodesmium was also present below 100 m in three forms: 

tufted colonies, free filaments (Figure 3-3), and free filaments included in 

aggregations with other organisms/faecal matter. Intact colonies of 

Trichodesmium were observed as deep as 300 m, although free filaments 

dominated the collections below 150 m, and were observed as deep as 500 

m within SAPS deployments (the maximum depth assessed).  

 



  3. Trichodesmium in sinking material 

 67  

Surface Trichodesmium abundance varied along a latitudinal transect in 

the Atlantic ranging from 48 x 10
3

 – 19 x 10
6

 cells m
-3

 under varying colonial 

morphology (Figure 3-4A) Total cell abundance consistently decreased with 

depth below the mixed layer (Figure 3-4B), ranging from 4.5-74% of the 

surface abundance at 10 m below the DCM, <1-63% 100 m below the mixed 

layer, and 0-0.8% of the surface abundance at 500 m respectively. Colony 

morphology was mixed at the surface with similar ratios of tufts and puffs 

at all stations (Figure 3-4A).  

In contrast, all the negatively buoyant colonies collected below the 

DCM using the MSC were of the tuft morphology (Figure 3-3D). Negatively 

buoyant colonies were consistently small, and total colony length did not 

exceed 2000 µm in any of the colonies collected below the DCM. However, 

larger colonies were observed near the surface. Sinking rates of negatively 

buoyant colonies between 100 and 250 m averaged 62.1 ± 39.7 m d
-1

, 

ranging from 12-120 m d
-1

 (Figure 3-5). 
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Figure 3-4. Trichodesmium abundance in the (sub-)tropical Atlantic. Nitrogen 

fixation rates and surface colonial morphology of Trichodesmium (A). Percentages 

of Trichodesmium surface abundance at depth; shaded area represents depths over 

which remineralisation is assumed to occur (B).  

 

 

 

 

 

 

B 
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Figure 3-5. Sinking speeds of Trichodesmium colonies in the Gulf of Mexico and in 

the Atlantic collected between 100 and 250 m. Solid black lines represent he 

average sinking speed for each depth, which ranged from 19 to 100 m day
-1

. 

Replicates for each depth are as noted above. 
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3.4.2 Aggregates 

 

Free trichomes of Trichodesmium were present at all depths assessed 

except the deepest sample at the most northerly station. Trichomes varied 

in length from 15-177 cells. Aggregate isolation from MSC collections 

revealed trichomes were consistently present in aggregations with 

radiolarians in varying abundances (Figure 3-6). Trichomes incorporated in 

aggregates were intact, and both phycoerythrin (Figure 3-6C) and 

chlorophyll fluorescence were consistently observed under epifluorescence 

microscopy immediately following collection and isolation. Infrequently (at 

one station each), both intact (Figure 3-7C) and degraded trichomes (Figure 

3-6A) were observed incorporated into faecal pellets (Figure 3-7B, D) in 

material collected in MSC deployments as deep as 250 m. 
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Figure 3-6. Plate of photomicrographs of Trichodesmium in aggregates. (A, B, C, E) 

Trichomes in conjunction with radiolarians. (D) Active phycoerythrin fluorescence of 

the trichome from panel E. Scale bars represent 100µm. 

A B 

E D 

C 
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Figure 3-7. Plate of photomicrographs of Trichodesmium in faecal pellets. (A) 

Partially degraded trichomes incorporated in (B) faecal pellets from CH0711; (C) 

Confocal micrograph of seemingly intact trichomes from (D) faecal pellet of 

unknown origin; (E) pteropod food web from same collection as pellet with intact 

trichomes from D361. Scale bars represent 100µm. 
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3.4.3 Trichodesmium Biomass and Contribution to Fluxes 

 

The proportion of PON collected by SAPS deployments which could be 

directly attributed to Trichodesmium-derived PON calculated from visible 

Trichodesmium cells in SAPS collections ranged from 0.4-3% at 10 m below 

the mixed layer, 0.03-1% at 100 m below the mixed layer, and from 0-0.4% 

at 500 m (Table 3-1). 

When combined with sinking rates measured for colonies (Figure 3-5), 

the estimated visible Trichodesmium-attributable PON flux leaving the 

mixed layer averaged 32.9 (5.0 – 99.6) µmol m
-2

 d
-1

, which accounts for an 

average of 5.6% (1– 17.5%), of the total PON flux independently derived from 

234

Th (Table 3-1).  

Measured N
2

 fixation rates varied along the transect, ranging from 26-

228 µmol m
-2

 d
-1 

(Figure 3-4A). Consequently, when compared to surface 

nitrogen fixation rates, exported (visible) Trichodesmium-derived PON 

accounted for an average of 23% of the daily nitrogen fixation in the upper 

water column (Table 3-1).  If all the newly fixed nitrogen in the surface were 

contributing to organic nitrogen export, estimated surface-N
2

-fixation rates 

could have supported 20% of the 
234

Th-derived PON flux at 10 m below the 

mixed layer (Table 3-1). 
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Table 3-1. Estimated Trichodesmium-derived PON contribution and fluxes 

Depth (m) 

Trichodesmiu

m Abundance 

(cells x 10
3

 m
-3

) 

% Surface 

Abundance 

Contribution 

to PON 

Standing 

Stock 

(%) 

Potential 

Contribution 

of N
2

 

Fixation to 

PON Flux 

(%) 

Trichodesmiu

m PON Flux 

(µmol m
-2

 d
-1

) 

Trichodesmiu

m Contribution 

to Total PON 

Flux (%) 

Trichodesmiu

m PON Flux as 

% N
2

 Fixation 

70-140                       

(mixed layer 

+10 m) 240 ± 280 21.9 ± 29.5* 1.18 ± 0.85 20.3 ± 13.2 32.9 ± 29 5.6 ± 7.0 23.1 ± 16.2 

170                            

(mixed layer 

+100 m) 

20 ± 22 13 ± 28.0* 0.40 ± 0.46 12.3 ± 6.8 2.8 ± 3.1 0.43 ± 0.36 4.3 ± 6.7 

500 0.45 ± 0.47 0.2 ± 0.4 0.02 ± 0.02 7.4 ± 5.4 0.01 ± 0.01† <0.01 0.01 ± 0.02 

*Cell abundance calculated based on trichome counts. These ranges include abundance data from a station with particularly low 

surface abundance. Excluding this station the range maximum at 70-140 m, 170-250 m, and 500 m were 13.99%, 1.02%, and 0.05% 

respectively. Flux contributions were calculated from biomass estimates and sinking rates compared to Thorium derived PON flux 

measurements from SAPS deployments. †Calculated assuming a single trichome sinking rate of <0.5 m d
-1

. 
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3.5 Discussion 

 

3.5.1 Trichodesmium-derived Fluxes of PON 

 

 The current study presents some of the first evidence that Trichodesmium 

contributes to PON export through passive sedimentation. Previously, only 

active transport (Guidi 2012) and sweeping mechanisms (Scharek et al. 1999b), 

or aggregation, have been suggested to account for Trichodesmium presence 

at depth. Guidi et al. (2012) suggested that active export of Trichodesmium 

could be possible through downwelling associated with eddies in the North 

Pacific Subtropical Gyre. Such enhancement of POC export by eddies has also 

been observed in the Sargasso Sea (Sweeney et al. 2003; Davis and 

McGillicuddy 2006).  

Based on the biomass estimates and sinking rates, up to 74% of surface 

Trichodesmium standing stock could leave the mixed layer each day. Moreover, 

visible Trichodesmium cells likely composed up to 3% of the standing stock of 

PON at depth (Table 3-1). When Trichodesmium biomass estimates were 

combined with colonial sinking rates, the visible Trichodesmium-attributable 

PON flux composed an average of 5.6% of the 
234

Th derived PON flux at 10 m 

below the mixed layer (Table 3-1). This indicates that intact Trichodesmium 

cells are making a contribution to PON leaving the mixed layer, potentially 

through a combination of relatively high sinking speeds and enhanced nitrogen 

content compared to the other sinking particulate organic material. The 

maximum contribution to the PON flux was observed below the maximum 

surface abundance of Trichodesmium encountered along the transect (8.3°N, 

28.3°W). At this station Trichodesmium contributed an estimated 17.5% of the 

exported PON flux. Such a contribution is comparable to, although still less 

than, previous estimates of the proportional contribution of Trichodesmium to 

total new production in regions of high Trichodesmium abundance (Capone et 

al. 2005). Observations under regions of high Trichodesmium surface 

abundance, where standing stocks and nitrogen
 

fixation rates can be an order 

of magnitude higher than we observed (Carpenter et al. 2004; Capone et al. 
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2005) would be required to examine whether the potential for increased 

Trichodesmium contribution to PON flux continues to scale with increasing 

surface biomass. A recent study of an artificial bloom of Trichodesmium IMS 

101 suggests this is a plausible scenario, as the collapse of the artificial bloom 

resulted in enhanced PON export (Bar-Zeev et al. 2013). 

 The estimated contribution of Trichodesmium PON export herein are 

likely conservative as we could only attribute the flux associated with intact, 

microscopically visable cells. Although the intact nature of the cells may not be 

preserved, and therefore not easily quantified, there remains the potential for 

the packaging of Trichodesmium into faecal material beyond that observed 

visibly, which could increase the Trichodesmium-attributable PON flux 

estimates. Additionally, other mechanisms exist whereby Trichodesmium-

derived N could contribute to export fluxes secondarily, following 

incorporation into other material, such as following viral lysis of cells (Hewson 

et al. 2004), extracellular release of fixation products (Glibert and Bronk 1994), 

or following PCD (Bar-Zeev et al. 2013).  

N
2

-fixation, which appeared to be dominated by Trichodesmium between 

the equator and 10°N (Chapter 2), could potentially have supported 20% of the 

234

Th-derived PON flux at 10 m below the mixed layer (Table 3-1). There is the 

potential for a much larger diazotroph contribution to PON export yet to be 

described, which could contribute to the transfer of new nitrogen to depth. If 

consistent with these observations for sinking Trichodesmium, this PON could 

then be available for remineralisation and integration into the thermocline. The 

possibility that the measured surface rates are systematic underestimates 

(Wilson 2012; Groβkopf et al. 2012) also requires consideration. An average 

doubling of surface rates (Wilson 2012; Groβkopf et al. 2012) would mean that 

surface N
2

 fixation had the potential to contribute to 40% of the total PON flux, 

while visible Trichodesmium-derived PON flux would be reduced to around 12% 

of the surface N
2 

fixation. 
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3.5.2 Mechanisms of Export of Trichodesmium 

 

Preliminary results suggest that despite its archetypal surface distribution 

and buoyant properties, Trichodesmium is a standard constituent of sinking 

material and is directly involved in the export of POC/PON through a variety of 

mechanisms (Figure 3-8). Deep colonial distributions of Trichodesmium are 

largely unreported, and reports of its presence in sediment traps are a rarity 

(Scharek et al. 1999b; Chen et al. 2003). Below the euphotic zone, 

Trichodesmium cannot photosynthesize, and is unlikely to be actively fixing N
2

. 

This was confirmed by nifH expression collected on this cruise (Langlois 2011 

pers. comm.). This study thus provides evidence that while not diazotrophically 

active, Trichodesmium is likely a regular constituent of sinking material, and 

previous assessments have overlooked or underestimated Trichodesmium’s 

presence at depth.  

 

Figure 3-8. Schematic of possible export mechanisms for Trichodesmium (modified 

from Mulholland 2007). 

 

 

There are number of potential mechanisms that could explain 

Trichodesmium’s presence below the depth where it can photosynthetically fix 

carbon and nitrogen. The vertical migration of colonies provides a potential 

mechanism for transport of Trichodesmium to depth. This theory assumes that 
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after fixing carbon near the surface, colonies become laden down with 

carbohydrates, overcoming their positive, gas vesicle supplied buoyancy, which 

causes them to sink. As they do so they respire allowing them to ‘burn-off’ the 

excess ballast, which decreases the colony sinking rate (Villareal and Carpenter 

2003). In an optimal system, once a colony reaches the phosphocline, it would 

be neutrally buoyant, and would be able to absorb nutrients for a few hours 

before regaining positive buoyancy and returning to the surface (Villareal and 

Carpenter 2003). This nutrient mining hypothesis is a potential explanation for 

the location of the colonies collected at depth. The colonies collected between 

120 and 175 m had much slower, and less variable, sinking rates than colonies 

distributed above and below these depths (Figure 3-5). These decreased 

sinking rates observed between 120 and 175 m correspond with the depth 

range of enhanced phosphorus concentrations along both of the cruise tracks 

(Figure 3-9) indicating these colonies could be in the process of reversing 

buoyancy in an effort to return to the surface following nutrient acquisition. 
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Figure 3-9. Longitudinal section of Phosphate (µM) along a pelagic transect during 

CHO711 (A) and a latitudinal section of phosphate (µM) along the north-south transect 

of D361 (B) illustrating enhanced phosphate concentrations within the depth range of 

potential nutrient mining (dashed boxes). 

 

However, colony size and sinking rate did not appear to be correlated in 

this study (R
2

<0.1) (CH0711, n = 24; D361, n=4). Previous models considering 

cell size, gas vacuole content and carbohydrate ballast potential suggest that 

only large (>1500 µm radius) colonies would possess the capability to carry out 

vertical migrations beyond 100 m (Kromkamp and Walsby 1992; White et al. 

2006), suggesting that such a mechanism is insufficient to account for 

colonies collected in this study, which were consistently less than 1000 µm in 

length. However, these models did not incorporate any cellular components 

other than carbohydrates into cellular density analyses, and also did not 

include physical influences on colony transport in the water column. Therefore, 

colony size cannot be used as a strict determinant for colony ability to return 

to the surface from depth. 
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Colony collections included cells which were morphologically variable, but 

phylogenetic analyses are necessary to determine whether multiple species of 

Trichodesmium are depth distributed as interspecific cryptic diversity can make 

morphological identification difficult (Hynes et al. 2012). Determining species 

type would give insight into species-specific physiologies, which could 

influence the assumptions of gas vacuole dynamics. The dominant 

Trichodesmium species in this study region, T. thiebautii (O’Neil 1998; 

Carpenter et al. 2004; Capone et al. 2005), have previously been shown to 

suffer only a 10% gas vacuole loss through collapse at 200 m depth, with 100% 

of gas vacuoles collapsing by 350 m (Walsby 1978). The other common 

Trichodesmium species in the Atlantic, T. erythraeum has been observed to 

suffer 100% gas vacuole collapse at a much shallower depth, between 105 and 

120 m. If sinking colonies consist of T. erythraeum, their fate is likely locked 

below 100 m, but if the species is T. thiebautii, as is suggested by 

ultrastructural assessments of sinking colonies in a different study region 

(Chapter 5), we must consider the potential for these colonies to reverse 

buoyancy. Regardless of species type, small, fast sinking colonies present 

below 100 m would be locked in a persistent and irreversible downward 

trajectory. With maximum sinking rates of 120 m d
-1

 it is plausible that these 

colonies would reach depths potentially complete gas vacuole collapse (>300 

m) within 1-2 days whereby it would be impossible to reverse direction.  

There was no correlation between sinking rate and depth in this study. 

When gas vacuoles were manually pressure-destroyed colonial sinking rates 

varied between 43 and 255 m d
-1

 (Walsby 1978). Most colonial sinking rates 

from both cruises fell within this range (Figure 3-5), but species identifications 

were not carried out in this study and sample size below 100 m was relatively 

small (n=19). Additional assessments of species-specific sinking rates would be 

beneficial to expanding the understanding of the mechanism of sinking in 

Trichodesmium colonies.  

The deepest colonies were present to 300 m, but a switch from colony to 

trichome dominated samples occurred below 150 m. Colonies likely begin to 

disassociate into free trichomes with depth as free trichomes should be unable 

to sink to these depths unaided by incorporation into large, fast sinking 

particles; colonial sinking rates were markedly faster than that of free filaments 

as MSC settling indicated free filaments were in low abundance, and were part 
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of the slow sinking/suspended pool of particulate material. It is also possible 

that colonial associations become more fragile as they sink, as the 

disassociation of some negatively buoyant colonies into filaments during 

sinking rate experiments was observed. This observation supports the idea 

that the deep free filaments we observed originated in colonies and were 

transported to depth in that morphology, but that some other, likely physical 

force caused them to disassociate. For the SAPS collected samples, the 

filtration process would certainly have disturbed morphological features.  

Moreover, partial cell breakage during SAPS filtration could also 

contribute to the estimated contribution of Trichodesmium to PON flux being 

an underestimate due to the potential loss of visually distinguishable 

trichomes. The deepest colony reported here, which represents the deepest 

report of a colony to date, was collected at 300 m using the CTD, but free 

trichomes were distributed as deep as 500 m along the latitudinal transect in 

the Atlantic, albeit sampled using SAPS. Previously Trichodesmium colonies 

have been observed to 200 m (Carpenter and Price 1977; Tyrrell et al. 2003) 

and free filaments have been reported deeper in the South China Sea in a 

sediment trap at 925 m (Chen et al. 2003), and at station ALOHA in the Pacific 

in a sediment trap at 2800 m (Scharek et al. 1999b).  

Factors causing colonies to disassociate into free filaments at depth 

greater than 100 m could greatly decrease the sinking rate of Trichodesmium, 

potentially enhancing susceptibility to remineralisation in the twilight zone 

(200-1000 m). Additionally, the significance of the observed morphological 

bias, where mixed colony morphology at the surface was absent at depth 

remains to be investigated. As all negatively buoyant colonies collected below 

the mixed layer were in tuft form, enhanced fragility and disassociation of puff 

colonies could explain the disproportional morphological sampling below the 

mixed layer. Alternatively, it remains to be explored whether physiological or 

species specificity of Trichodesmium sinking, such as epibiont communities 

unique to different morphologies, plays a role in the morphological 

characteristics of sinking Trichodesmium colonies. 

The presence of Trichodesmium trichomes in aggregates with other 

organisms, such as radiolarians (Figure 3-6), and/or detrital material was 

encountered in most collections and increased with depth, denoting alternative 
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pathways of export for this organism. Due to the method of SAPS collection, a 

bias towards entanglement could have been introduced during pumping and 

conglomeration of material on the filter, so it is possible that free trichomes 

are more common at these depths than observed. Phycoerythrin and 

chlorophyll fluorescence of cells at depth indicated that cells were reasonably 

un-degraded, but cells were not particularly stable. Multiple observations of 

trichome degradation were observed during imaging implying these trichomes 

may have been on the verge of apoptosis when collected (Figure 3-10); 

potentially the stress of collection and/or imaging may have induced the 

observed apoptosis. If this process were to occur while the aggregates were 

sinking it would represent a mechanism of direct release of Trichodesmium 

intracellular contents into the water column at depth.  

 

 

Figure 3-10. Light micrographs of Trichodesmium spp. in association with aggregates 

within the hour following collection showing apoptosis of trichomes in progress. Scale 

bars represent 200µm as indicated. 

 

Additionally, one of the negatively buoyant colonies collected using the 

MSC in the Gulf of Mexico was found to still exhibit variable chlorophyll 

fluorescence, indicating a retained degree of photosynthetic competence. If 

these trichomes remain intact while sinking after being caught in associations 

with other organisms, they would likely retain their cell matter and transport it 

out of the euphotic zone where it could then be remineralised. Further, as 

phycoerythrin has been previously shown to be a nitrogen storage mechanism 

in Synechococcus (Kirchman and Alberte 1985), its maintained presence here 

represents a concentrated nitrogen pool exported within Trichodesmium.  
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Previous reports have rarely documented grazing on Trichodesmium, so 

the observed sporadic presence of this organism in faecal material is 

significant. Trichomes of Trichodesmium were observed to be relatively intact 

in faecal matter (Figure 3-7C). Trichomes of Trichodesmium were observed in 

faecal matter both partially degraded, and seemingly intact. The latter situation 

implies accidental feeding by an organism not capable of digesting 

Trichodesmium. Faecal pellets containing intact trichomes shared 

characteristics with pteropod waste material. As pteropods are non-selective 

web feeders that passively capture their prey through filtration into mucous 

sheets (Silver and Bruland 1981), Trichodesmium could have become entangled 

in the feeding mesh and consumed unintentionally. Such an incidence would 

preserve intact trichomes in a compact, fast-sinking pellet that would transport 

trichomes to depth much quicker than if they were free-sinking. Intact, 

previously ingested organisms in pteropod waste is common (Silver and 

Bruland 1981), providing a transport mechanism for all Trichodesmium cell 

matter. The fecal pellet containing intact Trichodesmium also shared 

characteristics with euphausiid waste material (Yoon et al. 2001). Further 

investigation of the occurrence of krill grazing on filamentous cyanobacteria is 

warranted to assess whether these organisms may also unintentionally or 

incompletely ingest Trichodesmium. The frequency of occurrence of 

unintentional digestion is currently unknown, and was only encountered at one 

station on D361 where pteropods were noted in the surface samples. 

 Partial degradation of trichomes in faecal matter suggests digestion is 

taking place. In the present study this was only seen once in a pellet of 

unknown origin. Trichome abundance was very low in this pellet compared to 

the pellet with intact trichomes indicating it may be possible for some feeders 

to breakdown and digest Trichodesmium in low quantities. Again, this could 

contribute to quick sequestration of cell matter to depth. A more thorough 

assessment of faecal material is needed to approximate the frequency of this 

occurrence as packaging of fresh trichomes in large faecal pellets could 

transport the associated newly fixed nitrogen to depth more efficiently than if 

they were free-sinking, and could potentially make a large contribution to total 

Trichodesmium export.  
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3.5.3 Fate of Trichodesmium-derived Nitrogen 

 

When Trichodesmium cell abundance is combined from colonies, free 

trichomes, and trichomes incorporated in aggregates, it represents a 

significant fraction of PON at depth, and the spatial consistency of the values 

indicates the potential for significant episodic export following surface blooms 

via the mechanisms we have previously described. Moreover, the occurrence of 

Programmed cell death (PCD) during bloom collapse can significantly increase 

transparent exopolymer particle (TEP) production, thereby enhancing export of 

Trichodesmium-derived POM, such that after 5 days, ~0.08 mg N m
-2

 was 

present at the bottom of the artificial bloom settling column when initial 

surface concentrations were  ~0.13 mg N m
-2

  (Bar-Zeev et al. 2013).  

These results suggest that despite its archetypal surface distribution and 

buoyant properties, Trichodesmium is a standard constituent of sinking 

material in these (sub-)tropical waters and is directly involved in the export of 

PON through a variety of mechanisms. Previously Trichodesmium was only 

believed to export in fecal pellets on a small scale as well as secondarily by 

cycling through the microbial loop in the euphotic zone resulting in eventual 

loss of Trichodesmium-derived new nitrogen following incorporation into the 

biomass of other organism and their subsequent export (Mulholland 2007). 

The current study confirms that Trichodesmium export does occur following 

grazing and repackaging in fecal material, but also documents two novel 

mechanisms by which Trichodesmium exports (i.e. freely sinking and 

incorporation in aggregates). Trichodesmium does not appear to be a major 

contributor to total PON export under the observed moderate abundance 

conditions in the Atlantic (Table 3-1), where surface abundance rarely 

exceeded 5 colonies per litre.  

However, the contribution to PON export and total new N production in 

the surface (Capone et al. 2005; Mourino-Carballido 2011) may be more 

significant under conditions of higher abundance of both Trichodesmium  

(Carpenter et al. 2004) and other diazotrophs. Scharek and others (1999b) 

attributed Trichodesmium presence in sediments traps to be a consequence of 

a sweeping mechanism whereby trichomes were caught up in the flux of 

larger, stickier diatom aggregates. The sweeping mechanism could also 
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explain the observation of trichome incorporation in aggregates. Continued 

observation of trichome incorporation in aggregates and fecal pellets suggests 

a previously overlooked involvement in export that remains to be more 

comprehensively explored. Further investigation of Trichodesmium’s presence 

in sinking material will give a clearer idea of this organism’s contribution to 

export fluxes allowing us to better constrain the fate of the nitrogen fixed by 

this organism and hence it’s detailed biogeochemical role.  

Trichodesmium is the dominant nitrogen fixing organism in this study 

area (Tyrrell et al. 2003; Moore et al. 2009; Zehr 2011; Groβkopf et al. 2012), 

and is potentially capable of accounting for the majority of the geochemically 

derived rates of nitrogen fixation inferred from the N* distributions in the 

North Atlantic (Gruber and Sarmiento 1997; Capone et al. 2005; Mahaffey et al. 

2005; Hansell et al. 2004, 2007). The spatial consistency and continuous 

decrease in cell abundance with depth below the mixed layer along the 

transect is indicative of remineralisation between 100 and 500 m (Figure 3-4B). 

The water column oxygen minima and region of maximum apparent oxygen 

utilization was located between 150 and 750 m within our (sub-)tropical 

Atlantic transect (Figure 3-11), suggesting that the majority of the total export 

of organic material is also likely remineralised within this same depth. The 

depth range of likely remineralisation also partially overlaps with the density 

surfaces within which remineralisation of diazotroph-derived material could 

contribute to N* (Figure 3-11). 
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Figure 3-11. Latitudinal section of oxygen along the south-north transect on D361 

showing decreased water column oxygen in the depth range where remineralisation of 

Trichodesmium is assumed (100-250 m), and alignment with the density surfaces 

within which remineralisation of diazotroph derived material could contribute to N*. 

Oxygen saturation was calculated from the method described by Garcia and Gordon 

(1992) and AOU was subsequently derived from the equation provided by Sarmiento 

and Gruber (2006). 

 

Maximum N* anomalies in the North Atlantic gyre are associated with a 

potential density interval in the  = 26.1-27.1 range (Gruber and Sarmiento 

1997; Hansell et al. 2007). Due to the shoaling of the permanent thermocline 

at low latitudes near the equator (Sarmiento et al. 2004), this potential density 

interval was shallower than 500 m along the Atlantic transect. Consequently, 

release of Trichodesmium-derived exported material into the upper twilight 

zone remineralisation region (100-500 m), provides a mechanism for 

generating at least a portion of the N* anomaly observed within the  = 26.1-

27.1 range. Direct export of Trichodesmium thus potentially resolves one of 

the pathways by which the North Atlantic N* anomaly develops (Hansell et al. 

2007).  
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3.6 Conclusion 

 

Trichodesmium provides a significant amount of newly fixed nitrogen to the 

warm surface ocean in many oligotrophic regions thereby indirectly supporting 

the growth and export of non-diazotrophic organisms (Carpenter and Capone 

2008). Conservative estimates that an average of 8.8% (excluding the southerly 

most station, otherwise average of 22%) of the surface standing stock of 

Trichodesmium is vertically leaving the mixed layer each day contributing an 

average of 5.6% to the total PON flux, provides insight into the biogeochemical 

fate of a significant proportion of the nitrogen fixed by this organism. The 

decrease in Trichodesmium biomass from 10 m below the mixed layer to 500 

m suggests that Trichodesmium is remineralised within the twilight zone and 

hence contributes diazotroph-derived new nitrogen to the thermocline of the 

(sub-)tropical Atlantic Ocean. When coupled with the potential for enhanced 

export following surface blooms, such a previously undescribed mechanism 

could export newly fixed nitrogen to depths facilitating accumulation along the 

isopycnals associated with the thermocline of the sub-tropical gyre, thus 

contributing to the N* anomaly in these waters (Gruber and Sarmiento 1997; 

Hansell et al. 2007). Consequently nitrogen fixation by Trichodesmium in the 

low latitude Atlantic is not only an important contributor of new nitrogen in the 

euphotic zone (Capone et al. 2005), but may also be important in the supply of 

nutrients to the thermocline. In turn these nutrients could sustain productivity 

on longer time scales, through eventual resupply to the surface ocean, while 

also potentially contributing to the deficiency of phosphorus downstream 

within the surface waters of the gyre. 
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4. An exploration of the significance of 

polyploidy in Trichodesmium 

4.1 Abstract 

Quantitative PCR of the nifH gene is commonly used to assess the 

biogeography and relative abundance of diazotrophic species in the global 

oceans, and was employed in Chapter 2 to gauge the fate of a variety of 

diazotrophic groups. However, discrepancies between nifH-based and 

optical abundance data have been previously acknowledged, often citing an 

order of magnitude higher nifH-based than cell-count-based abundance for 

Trichodesmium indicating the potential for extreme overestimation of 

biomass when converting between the two methodologies. As DNA 

extraction efficiency is variable between species, and can be less than 100% 

efficient, the discrepancy between nifH gene copies and cell counts is 

potentially even larger. Similar discrepancies have also been noted for 

heterocystous, diazotrophic cyanobacteria. Herein we endeavour to explain 

the discrepancy between detectable nifH gene copies and optical cell counts 

through an investigation of polyploidy in Trichodesmium. Polyploidy, or the 

condition of having more than one genome per cell, is well described in 

prokaryotic organisms and it present in many cyanobacterial groups. Results 

suggest polyploidy in Trichodesmium could result in inflated detectable nifH 

relative to cell abundance. If Trichodesmium is polyploid, this has 

implications for the interpretation of qPCR data globally, and thus we 

caution against any use of direct conversion from detectable nifH gene 

copies to cell numbers, especially in Trichodesmium.  
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4.2 Introduction 

 

The development of molecular technologies has resulted in a near 

universal switch from microscopy (hereafter optical) cells counts to qPCR of 

the nifH gene (hereafter gene-based abundances) to understand the 

distribution and abundance of diazotrophs in the global ocean. This switch 

from optical to gene-based abundance methodologies is striking with 40 

studies spanning 49 years resulting in 5191 data points from optical 

abundance data, while 19 gene-based abundance studies have resulted in 

3201 data points in just 7 years (Luo et al. 2012). 

As previously discussed in Chapter 2, the nifH gene is a highly 

conserved gene which codes for the iron binding component of the 

nitrogenase enzyme (Young 1992). Sequence diversity of nifH is variable 

enough between genera of diazotrophs that the technique has been used to 

detect and quantify diverse groups of nifH-containing organisms (Zehr et al. 

1997), including non-cyanobacterial nifH-containing organisms, such as the 

gammaproteobacteria and green sulphur bacteria whose contribution to 

global nitrogen fixation remains unknown (Riemann et al., 2010). This influx 

of data derived from gene-based abundances has substantially contributed 

to the expansion of our knowledge of the diversity and biogeography of 

nifH-containing organisms, and use of the procedures has been crucial to 

increased understanding of the intricacies of the marine nitrogen cycle (Zehr 

2011; Thompson and Zehr 2013).  

Without the advent of gene-based abundance technologies we would 

essentially know nothing about some of the unicellular nitrogen fixing 

cyanobacteria, such as Group A and Group C cyanobacteria. Group A 

cyanobacteria have proven to be dominant in many marine environments 

(Church et al. 2005a; 2005b, Foster et al. 2009, Moisander et al. 2010) and 

may be quite a significant contributor of new nitrogen in these regions 

(Church et al. 2005b). Gene-based technologies have also helped to 

elucidate the ecological significance of these unicellular cyanobacterial 

groups, and have expanded our understanding of the role of unicellular, 
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filamentous and heterocystous cyanobacteria in the global oceans 

(Thompson and Zehr 2013). 

However, there are discrepancies between gene-based and optical 

abundance data. Often an order of magnitude higher gene-based abundance 

is reported for Trichodesmium than can be accounted for by optically 

enumerated cells (Luo et al. 2012). This is troubling when considering 

biomass estimations derived from gene-based abundance data, as it would 

likely be an overestimation of actual biomass, and could result in an 

inaccurate representation of dominant biomass when assessing total nifH 

community structure. This of course also has knock on effects when 

comparing gene-based abundance data with nitrogen fixation rate 

measurements and other parameters. 

This study compares gene-based abundance data alongside optical 

abundance data for both in situ and culture experiments. Herein, we 

endeavour to explain the higher abundance of detectable nifH gene copies 

relative to optical cell counts through an investigation of polyploidy in 

Trichodesmium. In the case of prokaryotes, polyploidy is the condition of 

containing more than one genome per cell. Polyploidy is known to be 

present in other cyanobacterial groups such as Synechocystis and Anabaena, 

and known polyploid prokaryotes actually outnumber known monoploid 

prokaryotes (Griese et al. 2011). This suggests polyploidy may be the norm 

for prokaryotic organisms and thus the investigation of this condition in 

Trichodesmium is warranted.  

Results from comparisons of gene-based and optical abundances, 

assessments of the potential contribution Trichodesmium would make to in 

situ chlorophyll derived from gene-based abundances if assuming a single 

gene copy per cell, and microscopic assessments of intracellular DNA 

distribution in Trichodesmium all suggest polyploidy is a reasonable 

explanation for the aforementioned discrepancy. Gene-based technologies 

are still a useful tool for assessing the diversity and biogeography of nifH-

containing organisms, but we caution against any use of direct conversion 

from detectable nifH gene copies to cell numbers, and call for reintroduction 

of optical based cell counts when conducting assessments of 
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Trichodesmium biomass in situ until a suitable conversion metric can be 

established, should this even be possible. 

 

4.3 Methods 

 

4.3.1 Investigation of ploidy in Trichodesmium 

 

Surface cell counts for Trichodesmium (Chapter 3) were compared 

with surface nifH gene copy abundance using the filamentous probe 

(Chapter 2). Following detection of an enhanced gene-based abundance 

relative to cell counts, samples were obtained from Trichodesmium 

erythraeum IMS 101 cell cultures to conduct a side by side analysis of the 

two abundance methodologies. Ten millilitres of four different cultures 

grown under varying phosphorus sources were filtered in triplicate onto 

0.22 µm Durapore (Millipore) filters under low (2 mbar) vacuum pressure. 

Testing of the different phosphorus conditions was opportunistic, but was 

later used to determine if differences in gene and optical abundances were 

affected by the phosphorus source or ages of cultures. After filtration, filters 

were flash frozen in liquid nitrogen and stored at -80°C until DNA extraction 

as described previously (Chapter 2.3.2). Primers and probes were chosen for 

amplification of the filamentous nifH phylotypes and qPCR was run as 

described above (Chapter 2.3.3) by Dr. Rebecca Langlois at the Leibniz 

Institute for Marine Sciences, in  Kiel, Germany; Dr. Langlois is now located 

at Dalhousie University in Halifax, Nova Scotia, Canada. 

Cell counts were performed in triplicate on 10 mL sub-samples of the 

Trichodesmium erythraeum IMS 101 cultures, which were preserved in 2% 

acidic Lugol’s iodine (Throndsen 1978). Cell abundance was directly 

measured from free trichomes via light microscopy at 200x magnification. A 

10 mL sub-sample was also filtered onto a 25mm GF/F, 0.7μm poresize 

filter, which was frozen until acetone extraction and fluorometric chlorophyll 

determination. 
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4.3.2 Genome Copy Determination 

 

Theoretical genome copies per cell were determined for in situ and 

culture samples. Following qPCR, the calculated gene copies per litre were 

divided by optically determined cells L
-1

 to give an upper threshold for 

potential genome copies per cell as described by Pecoraro et al. (2011).  

 

4.3.3 DAPI staining and Imaging 

 

 Trichodesmium erythraeum IMS 101 was examined under 

epifluorescent microscopy following DAPI staining to assess intracellular 

DNA distribution. Following gravitational settling and aspiration of five 

millilitres of media, Trichodesmium biomass was fixed with 1% 

glutaraldehyde, 3% formaldehyde, and 14% sucrose in PIPES buffer. After 20 

minutes at 4 °C, samples were filtered onto 0.8µm polycarbonate black 

filters, transferred to microscope slides, and were mounted with 

VECTASHIELD HardSet Mounting Medium with DAPI at 1.5 μg mL
-1

 (Vector 

Laboratories). Slides were allowed to set overnight at 4 °C. Samples were 

imaged on a Leica SP5 confocal microscope under UV and 488nm excitation, 

which excites DAPI, chlorophyll a, and phycoerythrin fluorescence. The 

method used to process and acquire the transmission electron micrographs 

is discussed thoroughly in Chapter 5.3. 
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4.4 Results 

 

4.4.1 Discrepancy between cell counts and gene copies  

 

A large discrepancy between the abundance of gene copies and cell 

numbers is apparent when comparing cell counts and gene copies from in 

situ data. Abundances from gene copies consistently exceed cell count 

abundances by one to two orders of magnitude except at the lowest end of 

abundance where under sampling may have contributed to non-

representative DNA extractions, and gene copies below the detection limit of 

the qPCR assay resulted in cells counts exceeding gene copies (Figure 4-1A). 

For culture samples, the discrepancy between gene copies and cell counts 

consistently span two orders of magnitude (Figure 4-1B). The trend of gene 

copies exceeding cell counts is consistent for all data, and the two 

abundance methodologies correlate strongly (R
2

=0.89) (Figure 4.2).  
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Figure 4-1. Raw Discrepancy between Trichodesmium cell counts and nifH gene 

copies. (A) in situ data from surface samples along the D361 transect (black), 

R
2

=0.87, and AMT17 transect (blue), R
2

= 0.83, and (B) Trichodesmium erythraeum 

IMS101 culture samples extracted from Durapore (red), R
2

=0.78, and polycarbonate 

(green), R
2

=0.88, filters. Gene copies consistently exceed cell counts by one to two 

orders of magnitude (p<0.01), except at and below the limit of detection for the 

qPCR assay. Theoretical genome copies per cell derived from this discrepancy (gene 

copies/L divided by cells/L; Pecoraro et al.  2011) range from 1-119 for in situ data 

and from 159-698 for Trichodesmium erythraeum IMS 101. The solid black lines 

represent a 1:1 ratio between cell counts and gene copies. 
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Figure 4-2.  A combined assessment of log transformed cell count and gene copy abundances to illustrate the sustained discrepancy 

across all samples, except at and below the limit of detection for the qPCR assay.  
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4.4.2 Ploidy assessment 

 

In Trichodesmium IMS101, estimated genome copies per cell ranged 

from an average of 159 ± 59 to 698 ± 100 (Table 4-1), while the ploidy level 

of Trichodesmium spp. collected in situ averaged 12  ± 13 (1 - 50) on 

AMT17 and 31 ± 30 (1 - 120) on D361. 

 

 

Table 4-1. Estimated genome copies in T. erythraeum IMS 101 under varying 

phosphorus conditions calculated by division of gene copies/L by cells/L as 

described by Pecoraro et al. 2011). 

Culture 
Cell count (cells/L) Potential genome copies 

(phosphorus source) 

T. erythraeum IMS 101 (PO4 exponential) 213967 ± 59800 639.4 ± 41.3 

T. erythraeum IMS 101 (PO4 senescent) 35367 ± 2201 697.5 ± 100.1 

T. erythraeum IMS 101 (Glycerol) 1239533 ± 195725 265.9 ± 86.8 

T. erythraeum IMS 101 (Methyl) 370000 ± 25662 158.7 ± 59.2 

 

4.4.3 Intracellular DNA distribution 

 

All stained Trichodesmium cells revealed a markedly segregated DAPI 

staining throughout the entirety of the cell in which the pattern of 

distribution was unique along the z plane (i.e. through the depth of the cell), 

implying intracellular DNA distribution in Trichodesmium IMS101 is 

scattered and extensive (Figure 4-3). Chlorophyll and phycoerythrin were 

predominantly constrained to the thylakoid lamellae (Figure 4-4A). 

Transmission electron microscopy (TEM) of the same culture revealed that 

ultrastructure alone cannot account for the observed scattering as 

intracellular organic matter is not segregated in the same manner as is 

observed by DAPI fluorescence (Figure 4-4B).  
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Figure 4-3. Multiple sections of 3 series (out of 11) of DAPI staining assessments in 

Trichodesmium IMS101 showcasing the DNA distribution within each cell is not 

uniform along the z plane (sections). The distance between each panel is 

approximately 55nm. Scale bars represent 5 µm. 
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Figure 4-4. DNA distribution in Trichodesmium erythraeum IMS 101. (A) DAPI (blue) 

and autofluorescence (orange) illustrate marked segregation of DNA staining within 

the cell. (B) Transmission electron micrograph illustrating that ultrastructure alone 

doesn’t account for DAPI staining patchiness as intracellular organic matter is not 

segregated in the same manner as is observed by DAPI fluorescence. (C) Such DNA 

segregation is not as readily visible as lower resolutions. Scale bars represent 2µm. 

 

4.4.4 Chlorophyll 

 

The chlorophyll content of individual Trichodesmium IMS 101 derived 

from cell counts and from qPCR of the nifH gene in extracts was highly 

variable. Cellular chlorophyll content derived from cell counts was on the 

pictogram scale as is consistent with the literature, while cellular chlorophyll 

content derived from assumptions that a single nifH gene copy is equal to a 

single cell was on the femtogram scale, three orders of magnitude below 

cellular chlorophyll levels reported in the literature (Figure 4-5).  
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Figure 4-5. Theoretical chlorophyll content of individual Trichodesmium IMS 101 

cells derived from cell counts (green) and from qPCR of the nifH gene in extracts 

from Durapore (blue) and polycarbonate (red) filters over the four cultures of 

varying age and phosphorus source. The femtogram scale of chla per cell derived 

from qPCR abundances implies gene copies are not an accurate representation of 

cell number as cellular chlorophyll content derived from these abundances results in 

3 orders of magnitude less chlorophyll per cell than is reported in the literature. 

Literature values for Trichodesmium cellular chlorophyll content are represented by 

the yellow box, 1.1-1.5 pg chla cell
-1

 (La Roche and Breitbarth 2005), and the blue 

box, 1.56-3.9 pg chla cell
-1

 (Carpenter et al. 2004); it should be noted that these 

cellular chlorophyll content values are derived from field samples, which may 

contain less chlorophyll per cell than observed in the phosphate culture.  

 

 

4.5 Discussion 

 

This data suggests that the greater abundance of gene copies relative 

to cells counts is not due to a deficit in cell counts, but rather is due to the 

presence of more than one copy of the genome in each Trichodesmium cell. 

T. erythraeum IMS101 only has a single copy of the nifH gene in its genome 

(Genbank accession NC_008312), but the number of genome copies per cell 

has yet to be evaluated. If Trichodesmium is polyploid, this could explain 

the discrepancy between nifH-based and cell count-based abundances. The 

marked segregation of nuclear material hints at the possibility for multiple 
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individual genomes to be scattered throughout Trichodesmium cells (Figure 

4-4). Scattering of nuclear material has been previously highlighted by 

Siddiqui et al. (1992) who noted a difference in DNA distribution between T. 

erythraeum and T. thiebautii cells where the latter showed a scattered 

pattern. The nuclear material in T. erythraeum on the other hand is more 

centrally located (Van Baalen and Brown 1969). However, both of these 

studies assessed Trichodesmium DAPI stains under epifluorescence 

microscopy where the resolution is 200 nm, the confocal microscopes 

assessments herein allowed for resolution of 80 nm, and thus may have 

revealed this segregatory DNA pattern in Trichodesmium more clearly 

(Figure 4-4A, C). Other ultrastructural characteristics of Trichodesmium, 

including DNA distribution, will be discussed further in Chapter 5. 

 Some other species of cyanobacteria are polyploid (Table 4-2), such as 

species of the freshwater diazotrophic genus Anabaena, which can contain 

8-25 genome copies per cell (Simon 1977, 1980) and a motile wild-type 

strain of the marine cyanobacterium Synechocystis (PCC 6803) which can 

contain up to 210-226 genome copies per cell during exponential growth 

and 53-59 genome copies per cell during stationary phase (Griese et al. 

2011). Ploidy in cyanobacteria is often determined by comparing gene-based 

and optical-based abundance data, but this argument has not yet been 

adopted to explain the discrepancies commonly observed between 

quantification of Trichodesmium spp. via optical cell counts and gene copies 

(Luo et al. 2012).  

There are many advantages to being polyploid, such as insurance of 

chromosome presence in daughter cells (Schneider et al. 2007). Differing 

DNA concentrations in daughter cells of Synechocystis has been previously 

observed (Schneider et al. 2007). This could be a particular advantage for 

Trichodesmium as the cells are large, and genetic material could be more 

easily distributed throughout the cell. Similarly, although intracellular 

transport is not well described in Trichodesmium, multiple genome copies 

distributed throughout each cell could allow for transcription and protein 

expression in a localised area of the cell.  
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Table 4-2. Experimentally determined ploidy levels of marine and aquatic cyanobacterial species (Amended from Griese et al. 2011) 

Species Physiology 
Cell size 

(µm) 
Genome size 

(Mbp) Average ploidy level Ploidy Reference 

Anabaena cylindrica Aquatic 10 - 25 Polyploid Simon (1977) 

Anabaena variabilis  Aquatic 10 7.1 5-8 Oligoploid Simon (1980) 

10 Microcystis strains Aquatic 5 - 1-10 Oligoploid 
Kurmayer & Kutzenberger 
(2003) 

Anabaena sp. PCC 7120 Aquatic 10 7.2 8.2 Oligoploid  Hu et al. (2007) 

Prochlorococcus Marine 1 1.7 - Monoploid Vaulot et al. (1995) 
Synechococcus elongatus PCC 
7942 Marine 0.8-1.5 2.8 3.9/3.3* Oligoploid Griese et al. (2011) 

S. elongatus PCC 7942 Marine 0.8-1.5 2.8 3-5 Oligoploid Mori et al. (1996) 

Synechococcus sp. PCC 6301  Marine 0.8-1.5 2.7 2-6 Oligoploid Binder & Chisholm (1990) 

Synechococcus sp. WH 7803 Marine 0.8-1.5 2.4 3.6 Oligoploid Griese et al. (2011) 

Synechococcus sp. WH 7803  Marine 0.8-1.5 2.4 2-4 Oligoploid Binder & Chisholm (1995) 

Synechococcus sp. WH 7805 Marine 0.8-1.5 2.6 1 Monoploid Binder & Chisholm (1995) 

Synechococcus sp. WH 8101 Marine 0.8-1.5 3.2 1 Monoploid Armbrust et al. (1989) 

Synechococcus sp. WH 8103 Marine 0.8-1.5 2.7 1-2 Monoploid Binder & Chisholm (1995) 
Synechocystis sp. PCC 6803 
(motile) Aquatic 2-5 3.6 218/58/58* Polyploid Griese et al. (2011) 
Synechocystis sp. PCC 6803 
(GT) Aquatic 2-5 3.6 142/47/43* Polyploid Griese et al. (2011) 
Synechocystis sp. PCC 6803 
(‘Kazusa’) Aquatic 2-5 3.6 12 Polyploid Labarre et al. (1989) 
Trichodesmium erythraeum 
IMS101 Marine 10 7.75 440 Polyploid This study 

Trichodesmium spp. Marine 10 - 12, 50 Polyploid 
This study (AMT17 and D361 
respectively) 

*Exponential phase/linear phase/stationary phase. 
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As the ploidy level of Trichodesmium is previously unconfirmed, and as 

we are unable to distinguish between nifH gene copies present inside living 

diazotrophs from extracellular nifH gene copies in the water column or in 

association with other material following grazing or apoptosis, we must 

consider whether the discrepancy between gene-based abundances and cell 

counts can be attributable to artefact. Nucleic acids are a well described 

component of the dissolved organic matter pool (Karl and Bailiff 1989), which 

can bind to particulate material in the water column and in sediments and 

resist degradation (Lorenz and Wackernagel 1987; Corinaldesi et al. 2011), but 

if extracellular DNA was providing additional template for nifH amplification, 

we would have expected to see a larger disproportion of gene copies to cell 

counts in the older [culture] samples and/or between filter types. As no 

significant difference (p=0.7) in potential genome copies was observed 

between active (639 ± 41.3) and senescent (697.5 ± 100.1) cultures (Table 4-1) 

we do not feel extracellular DNA could account for the entirety of the gene-

based versus optical-based abundance discrepancy. Additionally, Durapore 

filters are used most frequently in qPCR work as they are known not to bind 

nucleic acids. If extracellular DNA was contributing to the enhanced nifH 

abundances we observed, we would have expected to detect more gene copies 

in samples taken onto polycarbonate filters as they may have bound more 

extracellular DNA, but there was no significant difference between the nifH 

abundances detected from these two filter types (p=0.4).  

Another potential contributor of non-cyanobacteria nifH template could 

come from cyanophages. Prochlorococcus-specific cyanophages have been 

confirmed to contain identical copies of Prochlorococcus PSII genes (Sullivan et 

al. 2005). Trichodesmium may also harbour phages (Hewson et al. 2004), but 

evidence for a Trichodesmium-specific phage is inconclusive at current (Brown 

et al. 2013). Trichodesmium-associated phages appear to be phylogenetically 

distinct from the virioplankton community, and some even contained 

Trichodesmium–like genes (Brown et al. 2013). It seems likely that a 

Trichodesmium-specific phage exists, but it remains to be assessed whether 

DNA from said phage carrying identical nifH gene copies could account for 

some of the observed discrepancy between gene copies and cell counts. 

Nonetheless, we hypothesize that the entirety of the discrepancy cannot be 

explained by cyanophage contributions as investigations are currently being 
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carried on the hetR, 16S rRNA, and psbA genes in Trichodesmium via qPCR, 

and premilinary results suggest that are also inflated relative to cell counts 

(Sargent et al. In Prep). It would be unlikely that a phage would harbour 

identical copies of all of these diverse genes. Additionally, if the qPCR 

determined ratio of nifH to multiple copy number genes is in close agreement 

with the ratio predicted from the Trichodesmium genome sequence (Genbank 

accession NC_008312) (i.e nifH:hetR:16S rRNA:psbA of 1:1:2:3), this would 

provide further evidence against phage contribution to the gene pool. Even if a 

Trichodesmium-specific phage contained each of these Trichodesmium genes, 

it is very unlikely that it would contain identical gene quantities to the host 

across all of these genes, especially as they are distant within the genome 

making horizontal acquisition extremely unlikely.  

If we dismiss extracellular and viral contributions to nifH template and 

assume the discrepancy must be explained in a deficit of optical cell counts 

rather than enhanced gene-based abundances, then we would expect other 

species-specific physiological parameters to correlate with the gene-based 

abundances. However, if we assume each detected nifH gene copy attributable 

to Trichodesmium represents a single cell, the estimated chlorophyll-content 

per cell is a fraction of what is reported in the literature (Figure 4-5) further 

indicating gene-based abundances are not an accurate representation of actual 

cell abundance.  

Further related evidence for ploidy in Trichodesmium is revealed when 

comparing the contribution that Trichodesmium would make to total in situ 

chlorophyll from gene-abundances reported in the literature if we assume a 

single gene copy represents a single cell and if a single cell contains 1.1 pg chl 

(La Roche and Breitbarth 2005). The lowest of the reported Trichodesmium  

chlorophyll content per cell was chosen to test whether cellular contribution to 

total would sill exceed 100% even if all cells contained a minimal amount of 

chlorophyll. As average Trichodesmium contribution to total in situ chlorophyll 

equals or exceeds 100% in all gene-based abundance conversions derived from 

the literature (Table 4-3), it is clear that nifH abundances cannot be considered 

a 1:1 proxy for cell abundance in Trichodesmium. The work discussed here 

that is derived from Trichodesmium abundances reported in Chapters 2 and 3 

represents the only study for which we have data that assesses in situ optical 

and gene-based abundances side by side. Although Trichodesmium 
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contribution to total in situ chlorophyll derived from gene-based abundances 

does not exceed 100% on average in this study (D361), it should be noted that 

Trichodesmium nifH was dominant in the surface samples at only two stations, 

and at both of these stations gene-abundance derived Trichodesmium 

contribution to in situ chlorophyll exceeded 100% of total.  

 

Table 4-3. Estimated Trichodesmium spp. contribution to total in situ chlorophyll 

based on cell counts and gene copies. 

Trichodesmium contribution to total chlorophyll % 

n Source Cell counts Gene copies 

0-8.02 (4.1 ± 1.74) NA 16 This study, AMT 21 

0-11.61 (4.43 ± 7.92) NA 33 Fernández et al. 2010** 

0.2-13.7 (7.19 ± 4.45) NA 22 Letelier & Karl 1996** 

0-175.52 (18.75 ± 30.26) NA 336 Capone et al. 2004** 

0-243.93 (22.93 ± 33.97) NA 335 Borstad 1978** 

0.6-276 (32.9 ± 47.89) NA 67 This study, CH0711 

0-6 (2.14 ± 2.45) 0-98.37 (10 ± 24.93 ) 31 This study, AMT 17 

0-17.8 (4.14 ± 4.3) 0-138.7 (44.33 ± 63.88) 15 This study, D361 

NA 0-1163.83 (99.58 ± 275.56) 23 Kong et al. 2011** 

NA 0-2065.48 (120.33 ± 319.11) 125 Moisander et al. 2010** 

NA 1-440 (136.0 ± 126.1) 13 Goebel et al. 2010* 

 *Data estimated from figures, **Data taken from Luo et al. 2012 dataset; AMT17 data was supplied by Dr. 

Mark Moore. AMT21 data was supplied by doctoral candidate Joe Snow. 

 

 

Moreover, current gene-based abundances are likely underestimations 

of actual gene abundance due to both extraction efficiency (Foster et al. 2009) 

and undersampling of diazotroph biomass (Carpenter et al. 2004). This 

suggests that the discrepancy between gene and optical-based abundances 

may be even larger. Previous work has documented a 10 L sample requirement 

for accurate representation of Trichodesmium populations in situ when 

conducting optical cell counts and note that even larger volumes may be 

required when sampling in areas of low biomass (Carpenter et al. 2004). 

Smaller sample volumes run the risk of excluding colonies of Trichodesmium 

especially when these samples come from Niskin bottles as the buoyant nature 

of Trichodesmium could result in colonies only being accessible when the last 

bit of water was sampled. Gene based abundances were determined from a 2 L 

Niskin sample for this study (D361 cruise) as well as for one of the studies 
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documented in Table 4-3 (Goebel et al. 2010). The other aforementioned 

studies sampled 4-5 L (Moisander et al. 2010) and 0.5-1 L from Niskin bottles 

(Kong et al. 2011). Thus, all are potentially underestimations of actual gene 

abundance, and therefore we have potential underestimated the level of ploidy 

in in situ population of Trichodesmium spp. 

Trichodesmium, like all living organisms, requires phosphorus for growth, and 

although cellular phosphorus pools in phytoplankton are often dominated by 

RNA (Geider and La Roche 2002), genomic P contribution to cellular P can 

exceed 50% in some cyanobacteria, such as Synechococcus and 

Prochlorococcus (Bertilsson et al. 2003). To assess whether the ploidy level of 

Trichodesmium determined herein is plausible, an evaluation of genomic P 

contribution to cellular P was carried out after converting colonial P values 

reported in the literature to cellular P concentrations (Figure 4-6) to insure 

estimations of genomic P would not exceed 100% of cellular P. A single 

Trichodesmium genome was calculated to contain 7.97 x 10
-16

 g of P, and the 

range of cellular P content for Trichodesmium spp. was calculated as 3.10 x 10
-

13

 – 1.41 x 10
-12

 g P in situ (Tovar-Sanchez et al. 2011; Neuster et al. 2012; this 

study), and 6.19 x 10
-13

 - 2.17 x 10
-12

 g P in Trichodesmium IMS 101 in culture 

(Barcelos e Ramos et al. 2007). The range of ploidy in the in situ samples from 

D361 and AMT17 correspond to a maximal genomic contribution to total P of 

just over 25%. The same assessment for Trichodesmium IMS101 spans nearly 

the entire range from 6-95% genomic P contribution to cellular P (Figure 4-6).  
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Figure 4-6. Genomic contribution to total cellular phosphorus in Trichodesmium. 

Diagonal lines indicate the ranges within which genomic P accounts for 10, 25, 50, and 

100% of total cellular P. The red box incorporates the observed range of genome 

copies per cell in Trichodesmium spp. from D361 and AMT17 and the range of cellular 

P content for Trichodesmium spp. in situ (Tovar-Sanchez et al. 2011; Neuster et al. 

2012; this study) following conversion from colonial P to cellular P assuming 200 

trichomes per colony and 100 cells per trichome (Carpenter et al. 2004). The blue box 

incorporates the range of observed genome copies per cell (this study) and the range 

of cellular P content for T. erythraeum IMS101 (Barcelos e Ramos et al. 2007). 

 

As the range of genome copies per cell in Trichodesmium is so large, it 

is difficult to normalise the contribution genomic P would make to cellular P 

based on population assessments where cells may be under different 

environmental stressors or in different growth phases. Potentially, the ploidy 

level, and thus the genomic P contribution to total cellular P, in Trichodesmium 

IMS101 is inflated relative to in situ populations simply because replete 

nutrient conditions allow for excess P uptake. Previously Bertilsson et al. 

(2003) theorised that decreased nutrient availability may lead to a marked 

depletion in RNA and DNA concentrations in Prochlorococcus and 

Synechococcus. The same may also be the case for P-stressed Trichodesmium 

spp. populations in situ. The remaining cellular P in these populations may 

come from polyphosphate, which has been previously reported to compose 8% 

- 25% of cellular P in nutrient deplete conditions in the Sargasso Sea (Orchard 

et al. 2010), and other P-rich cellular components, such as RNA, phospholipids, 
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and ATP (Geider and La Roche 2002). Further evidence for polyploidy in 

Trichodesmium relative to cellular P content stems from genomic P 

contribution to total cellular P if only one genome was present in the cell. In 

this case, genomic P would compose less than 0.5% of total cellular P, which 

would force P contributions from other cellular components much higher than 

has been previously reported (Bertilsson et al. 2003). Future investigation of 

the elemental composition and physiology of ploidy in Trichodesmium IMS101 

and in situ populations is essential to better interpret these findings. 

 

 

4.6 Conclusion 

 

The discrepancy between nifH gene copy abundances and cell count 

abundances supports polyploidy in Trichodesmium, as gene-based abundances 

consistently exceed optical abundances both in field and culture samples. 

Along with reconfirmation of this discrepancy, the additional optical and 

molecular assessments strongly suggest that Trichodesmium is polyploid as 

the demonstrated method for determining ploidy in other cyanobacteria, 

comparison of optical and gene-based abundance reveals the potential for a 

high level of ploidy in Trichodesmium. This has serious implications for any 

research relying on biomass estimates derived from Trichodesmium nifH-based 

abundances as such conversions would almost surely result in largely inflated 

values. Additionally, as variance in growth phase results in marked differences 

in genome copies per cell in other cyanobacteria dependent (Griese et al. 

2011), and since we also observed variations in genome copies in 

Trichodesmium under varying conditions, we are unable to suggest a useful 

conversion metric for determining accurate cell abundance from nifH gene 

copy abundances in Trichodesmium at present.  

Apart from the previously described advantages of polyploidy, such as 

insurance of chromosome presence in daughter cells, it remains to be 

investigated whether Trichodesmium may benefit in other ways from being 

polyploid. Such investigations would be integral to increasing our 

understanding of the ecophysiology of this organism. Although polyploidy in 



 4. Exploration of ploidy in Trichodesmium 

 109  

Trichodesmium is anomalous when compared to other marine cyanobacteria 

which are mostly monoploid (Table 4-2), Trichodesmium is also anomalous in 

its physiological capabilities. It would be interesting to assess whether the level 

of ploidy in Trichodesmium varies with growth phase as is seen in other 

polyploid organisms or if Trichodesmium may use production and storage of 

multiple genome copies as a mechanism for phosphorus storage.  

At minimum these results do necessitate that the physiology and ploidy 

level of Trichodesmium be more thoroughly investigated before any conversion 

from gene copy abundances to biomass are integrated into standard practice. 

We suggest that special consideration be taken when only compiling nifH-

based abundances, and that these assessments be limited to biogeography 

and nifH community structure diversity at present. This work also provides 

motivation for future investigations of polyploidy in other nifH-containing 

organisms, such as the heterocystous diazotroph Richelia intracellularis.  
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5. Ultrastructure of negatively buoyant 

Trichodesmium and implications for cell 

death pathways 

5.1 Abstract 

Previous observations indicate that Trichodesmium is important in 

export production through a variety of mechanisms, and that it is likely 

remineralised in the upper twilight zone (<500 m), thus contributing to the 

N* anomaly in the thermocline of the subtropical North Atlantic (Chapter 3). 

However, the cellular integrity and intracellular storage products in sinking 

Trichodesmium colonies have yet to be assessed. As earlier estimations of 

Trichodesmium contribution to particulate organic nitrogen (PON) standing 

stock hinge on assumptions of standard nitrogen content per cell, 

investigations of the ultrastructure of negatively buoyant Trichodesmium is 

necessary to determine whether these assumptions are accurate. Here, 

Transmission Electron Microscopy (TEM) was used to assess the intracellular 

integrity and ultrastructural storage components of negatively buoyant 

Trichodesmium colonies collected below 100 m in the Sargasso Sea. Results 

suggest that due to extensive vacuolisation of negatively buoyant 

Trichodesmium cells and associated loss of cellular DON, it appears sinking 

colonies do not contain as much PON as previously assumed in Chapter 3. 

However, collapsed gas vesicles were observed in these negatively buoyant 

cells indicating Trichodesmium’s inability to return to the surface layer, and 

other ultrastructural characteristics strongly indicate programmed cell death 

(PCD) is responsible for sinking in Trichodesmium. This well characterised 

cell death pathway eventually results in apoptosis, thus ensuring any 

Trichodesmium biomass that exits the mixed layer during PCD would be 

rapidly available for remineralisation at depth following apoptosis (cellular 

lysis). This study provides further insight into impending release of fixed N 

into the water column, which is essential to understand how much nitrogen 

is being exported in this organism, and highlights previously undescribed 

mechanisms by which Trichodesmium can contribute to the anomalous 

nutrient distributions in the North Atlantic thermocline. 
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5.2 Introduction 

 

The ultrastructure and intracellular storage components of both in situ 

populations of Trichodesmium spp. and of the cultured Trichodesmium IMS 

101 are thoroughly described in the literature (van Baalen and Brown 1969; 

Haxo et al. 1987; Siddiqui et al. 1992; Janson et al. 1995; Berman-Frank et 

al. 2004), but the ultrastructural details of negatively buoyant colonies are 

currently unknown. The fate of Trichodesmium blooms is still not fully 

defined, but lytic viral destruction of cells (Hewson et al. 2004) and 

programmed cell death (PCD) (Bar-Zeev et al. 2013) are assumed to be the 

two main pathways by which bloom demise occurs. The fate of 

Trichodesmium in non-bloom conditions is even more ambiguous, but 

results suggest a variety of mechanisms transport this organism out of the 

upper ocean where it is then remineralised (Chapter 3). As enhanced PON 

export has been observed following the collapse of an artificial bloom of 

Trichodesmium (Bar-Zeev et al. 2013) and colonies have been known lose 

their innate buoyancy and sink during senescence (Berman-Frank et al. 

2004), investigations of the quality and integrity of sinking Trichodesmium 

are crucial to better understand the fate of Trichodesmium-derived nitrogen.  

The optical observations of sinking Trichodesmium and subsequent 

estimations of Trichodesmium-specific contribution to PON (Chapter 3) rely 

on the assumption that colonies are engaging in over-ballasted vertical 

migration and that cells are otherwise healthy and intact when they exit the 

mixed layer. The link between enhanced N* distributions and nifH 

concentrations (Chapter 2) also suggest that remineralisation of nitrogen-

rich diazotrophic material, including Trichodesmium, is occurring between 

100 and 500 m. What remains to be assessed is the quality of this sinking 

diazotroph biomass, confirmation of the mechanism(s) causing 

Trichodesmium colonies to sink, and elucidation of the species involved. 

Some ultrastructural assessments aid in taxonomic classification of 

Trichodesmium allowing for speculation on the effect species-specific 

physiology has on the fate of Trichodesmium. For example, only T. 

thiebautii is known to possess intracellular scroll-like bodies, which are 
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involved in anti-grazing toxin production (Siddiqui 1992; Janson et al. 

1995). Using this and other ultrastructural markers to establish the species 

type of negatively buoyant Trichodesmium colonies is of particular interest 

when considering variability in gas vacuole dynamics between 

Trichodesmium species. Trichodesmium erythraeum is seemingly much 

more susceptible to gas vacuole collapse than T. thiebautii (Walsby 1978), 

which has implications for colonial ability to return to the surface layer 

following a nutrient mining attempt as gas vacuole collapse in these cells 

eliminates their innate buoyancy (Chapter 3).  Determining species type 

ultimately aids in expanding our understanding of the fate of 

Trichodesmium-derived new nitrogen.  

Transmission Electron Microscopy (TEM) can be used to assess 

intracellular storage components, such as cyanophycin granules. 

Cyanophycin granules are a known nitrogen storage structure in 

Trichodesmium (Siddiqui et al. 1992; Romans et al. 1994; Fredriksson and 

Bergman 1997; Finzi-Hart et al. 2009). These nitrogen storage vacuoles a 

rich in newly fixed nitrogen (Finzi-Hart et al. 2009). They have been 

observed to be produced during active nitrogen fixation in the day time and 

are subsequently consumed at night (Finzi-Hart 2009). Thus, the presence of 

cyanophycin granules within negatively buoyant Trichodesmium cells would 

indicate both recent nitrogen fixation activity, and enhanced, concentrated 

nitrogen stores available for remineralisation if these colonies are unable to 

return to the surface layer.  

TEM allows visualisation of other intracellular storage structures, such 

as ballasting components, which can shed light on the mechanism behind 

sinking in these Trichodesmium colonies. We have yet to confirm whether 

over ballasted vertical migration is a plausible explanation for 

Trichodesmium’s presence below 100 m (Chapter 3). If vertical migration is 

taking place, ballasting components should be present in negatively buoyant 

Trichodesmium cells. Suspected ballasting components in Trichodesmium 

include poly-β-hydroxybutyric acid (PHB) granules and polyglucoside 

granules (Siddiqui et al. 1992; Romans 1994). This is important in 

determining the quality of sinking Trichodesmium as over ballasted 

Trichodesmium would theoretically transport all of its PON out of the mixed 

layer (Figure 5-1).  
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Figure 5-1. Schematic representation of over ballasting and Trichodesmium 

PON quality. 

 

Another potential cause of sinking in Trichodesmium colonies includes 

cell death, and various cell death pathways can be determined via 

ultrastructural assessments, including cell wall integrity. Although cell wall 

integrity is often maintained during the early stages of programmed cell 

death (PCD) in Trichodesmium (Berman-Frank et al. 2004), other cell death 

pathways, such as necrotic cell death, result in marked degradation of 

cellular membranes (Jiménez et al. 2009). PCD is an apoptotic-like cell death 

pathway that is well characterised in eukaryotes (Jiménez et al. 2009), and 

has recently been described as a common cell death pathway in 

Trichodesmium (Berman-Frank et al. 2004; Bar-Zeev et al. 2013). PCD can 

occur in Trichodesmium as cells age or following exposure to various 

environmental stressors (Berman-Frank et al. 2004). PCD is characterised by 

unique intra and extracellular characteristics in Trichodesmium, such as 
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cellular shrinkage and cytoplasmic vacuolisation, which precedes cellular 

lysis (Berman-Frank et al. 2004). The presence of these and other 

characteristics could indicate PCD as the trigger for sinking of 

Trichodesmium colonies.  

Results from ultrastructural assessments of Trichodesmium 

erythraeum IMS101, positively buoyant surface colonies, and negatively 

buoyant colonies collected between 100 and 250 m in the Western Sargasso 

Sea suggest that the negatively buoyant Trichodesmium colonies we observe 

herein are senescent and may be in the process of PCD. These cells were of 

highly vacuolated compared to surface cells, and some also contained 

ballasting components. As vacuolisation precedes lysis during PCD in 

Trichodesmium (Berman-Frank et al. 2004), the highly vacuolated negatively 

buoyant cells we observe imply impending release of fixed N into the water 

column. Thus, although these negatively buoyant cells are “element-light” 

compared to surface populations due to extensive vacuolisation, any 

nitrogen and phosphorus remaining in sinking Trichodesmium, such as the 

newly fixed nitrogen in cyanophycin granules, would be available for 

remineralisation at depth. 

 

5.3 Methods 

 

5.3.1 Colony collection and culture conditions 

 

Positively buoyant colonies were collected via surface net tows and 

negatively buoyant colonies were collected using the Marine Snow Catcher 

between 100 and 250 m on the BATS284 research cruise in August 2012 in 

the Sargasso Sea. Colonies were picked using a glass Pasteur pipette and 

transferred into an individual well of a 24-well culture plate containing 1 mL 

of 0.2 µm filtered seawater. Following a sinking rate assessment to confirm 

positive/negative buoyancy, colonies were picked from the 24-well culture 

plate using an inoculation loop to minimise liquid transfer, and were placed 
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into 1.5 mL microcentrifuge tubes containing 1mL of 3% glutaraldehyde, 4% 

formaldehyde in 14% sucrose 0.1 M PIPES buffer at pH 7.2, hereafter 

referred to as ‘main fixative’. Samples were stored at 4 °C until alginate 

embedment, postfixation and TEM processing post cruise. 

Trichodesmium IMS101 cultures were maintained in YBC-II media at 27 

°C on a 12:12 light:dark cycle on an orbital shaker prior to preservation for 

TEM. Cells were filtered onto 5 µm polycarbonate filters under low vacuum 

pressure. Filters were transferred to 10 mL centrifuge tubes containing 

0.5mL of the main fixative. Cells were rinsed off the filter into the main 

fixative with 1 mL of the main fixative bringing the sample volume to 1.5 

mL. Samples were transferred into 1.5 mL centrifuge tubes and were stored 

at 4 °C until alginate embedment, postfixation and TEM processing as 

described below.  

 

5.3.2 TEM processing and imaging 

 

The following protocol is an amendment of the official TEM preparation 

and processing guidelines provided by the Biomedical Imaging Unit at the 

University of Southampton. Trichodesmium samples (colonies and culture 

samples) in the main fixative were transferred into 1.5 mL centrifuge tubes 

containing 1 drop (approximately 100 µL) of 5% sodium alginate. Each 

suspension was then spun at 1250 g for 10 minutes to allow the cells to 

embed in the sodium alginate pellet at the bottom of the tube. The 

remaining main fixative was decanted and replaced with a 50:50 solution of 

6% glutaraldehyde, 8% formaldehyde in 28% sucrose 0.2 M PIPES buffer to 

0.1 M calcium chloride. After 10 minutes, the set alginate pellet containing 

the Trichodesmium cells was dislodged from the bottom of the 

microcentrifuge tube using a Pasteur pipette and was allowed to set for a 

further 5 minutes. The pellet and fixative/calcium chloride solution was then 

decanted into a TEM processing vial (0.5 mL glass vial), and loaded onto a 

rotator. The fixative/calcium chloride solution was aspirated and replaced 

with 1 ml of main fixative, and the sample was left to rotate for one hour. 

Once the main fixative was aspirated, the pellet was then twice rinsed in 14 
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% sucrose, 0.1M PIPES buffer, hereafter known as ‘buffer’. The buffer was 

then replaced with osmium tetroxide, hereafter known as ‘postfixative’, and 

was rotated for one hour. The postfixative was aspirated and the pellet was 

then twice rinsed in buffer for ten minutes. The buffer was then replaced by 

water, and then immediately replaced by 2% aqueous uranyl acetate. Pellets 

were rotated in this solution for 20 minutes before beginning the 

dehydration series. 

For dehydration, the uranyl acetate was aspirated and replaced with 

30% ethanol, which was then replaced by 50% ethanol following a 10 minute 

rotation. This was repeated for the transfer from 50% ethanol to 70% ethanol 

and the transfer from 70% ethanol to 95% ethanol. The 95% ethanol was 

replaced by absolute ethanol and the pellet was rotated for 20 minutes 

before refreshing the absolute ethanol and repeating the 20 minute 

rotation. The absolute ethanol was then replaced with acetonitrile for a 10 

minute rotation before the pellet was left to rotate in a 50:50 solution of 

acetonitrile:TAAB resin overnight. The aceonitrile:TAAB resin was then 

aspirated and the pellet was rotated in TAAB resin for 6 hours. The pellet 

was then embedded in fresh TAAB resin and was polymerised at 60 °C for 

20-24 hours.  

Polymerised resin blocks were trimmed and mounted into a Reichert 

Ultracut E microtome. Ribbons of ~70 nm sections were produced using 

glass knives (Figure 5-2), and suitable gold sections were mounted on 

copper grids. Grids were then lead stained. As lead stain precipitates in the 

presence of CO
2

, drops of Reynold’s lead stain were placed on dental wax 

inside a petri dish surrounded by pellets of NaOH to minimise CO
2

 

concentrations. Grids were inverted onto the lead stain drops for 5 minutes, 

and were then rinsed in distilled water. Grids were then blotted dry and 

stored until imaging. Grids were imaged on a Hitachi H7000 Transmission 

Electron Microscope and a FEI Technai 12 Transmission Electron Microscope 

at the Biomedical Imaging Unit at Southampton General Hospital. 

Ultrastructural characteristics were assessed according to the features 

described by Siddiqui et al. (1992) and Janson et al. (1995) (Table 5-2), and 

were identified in Trichodesmium IMS 101 cultures samples for reference 

against in situ samples (Figure 5-3). 
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Table 5-1 Species specific storage products and qualitative observations of the ultrastructure of colonies collected in situ. 

 
 Literature* This study 

Structure/Inclusion Function 
T. 

erythraeum 
T. thiebautii 

Trichodesmium IMS 
101 

Positively 
buoyant, 
surface 
colonies 

Negatively buoyant  
colonies (100-250 

m) 

Vacuole-like 
structures  

Storage Not reported Extensive Present 
Present; 

extensive 
Present; extensive 

(Figure 5-2A; Figure 5-5D)  
     

Gas vacuoles Buoyancy Peripheral Irregularly arranged Intact; irregular Intact; irregular Intact; irregular 
(Figure 5-4)  

     
Polyhedral bodies Storage Central core Scattered Present; scattered Not observed Not observed 
(Figure 5-2A)  

     

Cyanophycin 
granules 
(Figure 5-2C; Figure 5-5A) 

Storage Not reported 
Present in all cells except 

for highly vacuolated 
cells 

Present Present 
Present except for in 

highly vacuolated 
cells 

 
     

Scroll-like bodies 
Toxin 

production 
Not reported Present in all cells Present Not observed Present 

(Figure 5-5B)  
     

Cylindrical bodies Storage 1-3 per cell Occasionally present Not observed Not observed Not observed 
(not pictured)  

     
Polyphosphate 
bodies 

Storage Present Absent Not observed Not observed Not observed 

(not pictured)  
     

PHB granules Ballast Not reported Frequent Present Present Present 
(Figure 5-5C)  

     
Epibionts 
(Figure 5-7) 

P uptake N/A N/A Not observed Not observed Present 

 *Species specific ultrastructural characteristics derived from Siddiqui et al.(1992) and Janson et al.(1995) 
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Figure 5-2. (A) Sectioning of resin block using a glass knife resulting in a ribbon of 

sections including gold-coloured sections which are the suitable thickness for TEM 

imaging. (B) Ultramicrotome section colour reference chart (Drukker international). 

 

 

Figure 5-3. Transmission electron micrographs of Trichodesmium erythraeum IMS 

101cells showing various ultrastructural components and variable integrity: vacuoles 

(V), intercellular space (IS), outer membrane (OM), plasma-membrane (PM), nitrogen 

storage vacuoles known as cyanophycin granules (CG), carboxysomes (C), gas vesicles 

(GV), and vacuolisation (VS), which were used for reference in subsequent identification 

of ultrastructural components of in situ samples. Scale bars represent 1 µm in panels A 

and D, 100 nm in panel B, and 500 nm in panel C. 
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5.4 Results 

 

5.4.1 Gas vesicles 

 

Gas vesicles were present in all cells viewed (n=145), and were intact in 

cells from the positively buoyant surface colonies (Figure 5-4A,B). However, gas 

vesicles were not fully intact in the cells of the negatively buoyant colonies 

(n=113). In negatively buoyant colonies, some cells contained both intact and 

degraded gas vesicles (Figure 5-4C-F). ) Intact gas vesicles were indicated by 

regular arrangement of the electron dense fibres within the gas vacuole (Figure 

5-5A) and the clear definition of the electron transparent center regions of 

each gas vesicle (Figure 5-4B). Partially collapsed and degrading gas vesicles 

were indicated by uneven distribution of electron dense fibres within the gas 

vacuole and reduction in marked circular vesicle walls (Figure 5-5C). Collapsed 

gas vesicles were indicated by a complete lack of structural regularity within 

the gas vacuoles, as well as a lack of electron transparent regions (Figure 5-5F). 

Gas vesicle distribution varied between samples. Gas vesicles were occasionally 

distributed around the periphery of the cell as is consistent with the 

Trichodesmium species T. erythraeum, but were more often irregularly 

arranged within the cell as is consistent with T. thiebautii. 

 

5.4.2 Storage products 

 

Trichodesmium cells contained an assortment of storage products (Figure 

5-5). Positively buoyant surface cells (Figure 5-5A, B) and Trichodesmium 

IMS101 (Figure 5-3C) contained cyanophycin granules in every cell assessed, 

while only 27% of negatively buoyant cells assessed contained these structures, 

which known to be involved in nitrogen storage (Finzi-Hart et al. 2009) (Figure 

5-5C). 0.9% of negatively buoyant cells contained multimembranous scroll-like 

structures known to be involved in toxin production (present in T. thiebautii 
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only) (Figure 5-5D), which were not present in positively buoyant surface cells 

or Trichodesmium IMS101. 33% of negatively buoyant cells contained poly-β-

hydroxybutyric acid (PHB) granules which are a suspected ballast component 

(Figure 5-5E). PHB granules were also observed in positively buoyant surface 

cells and Trichodesmium IMS101 (not pictured). 5.3% of negatively buoyant 

cells contained vacuole-like structures suspected to be involved in the storage 

of photosynthetic metabolites (Figure 5-5F), which were also observed in 

positively buoyant surface cells (Figure 5-5B) and Trichodesmium IMS101 

(Figure 5-3A). 
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Figure 5-4. Gas vacuole integrity. Transmission electron micrographs of positively (A, 

B) and negatively (C-F) buoyant Trichodesmium colonies collected in the western 

Sargasso Sea showcasing varying degrees of gas vesicle integrity (red arrows). Orange 

lines mark cellular borders. (A) View of intact gas vesicles indicated by parallel 

distribution of electron dense fibres interspaced by electron transparent regions. (B) 

Intact gas vesicles in a cell from a positively buoyant surface colony indicated by 

normal, regular arrangement of the electron dense fibres within the gas vacuole and 

the clearly defined gas vesicle with electron transparent center regions. (C) Partially 

collapsed gas vesicles in a negatively buoyant colony indicated by the uneven 

distribution of electron dense fibres within the gas vacuole and reduction in marked 

circular vesicle walls. (D, E) Intact gas vesicles in a negatively buoyant colony are 

indicated as above. (F) Collapsed gas vesicles in a negatively buoyant colony indicated 

by a complete lack of structural regularity within the gas vacuoles, as well as a lack of 

electron transparent regions. Scale bars represent 500 nm in panels A, C, E and F, 200 

nm in panel B and 1000 nm in panel D. 
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Figure 5-5. Intracellular storage components. Transmission electron micrographs of 

positively (A, B) and negatively (C - F) buoyant Trichodesmium colonies collected in the 

western Sargasso Sea. Orange lines mark cellular borders. Various storage components 

are indicated by red and orange arrows, such as (A, B, C) cyanophycin granules known 

to be involved in nitrogen storage, (D) scroll-like bodies associated with toxin 

production, (E) poly-β-hydroxybutyric acid granules theorised to be involved in 

carbohydrate ballasting, (B, F, orange arrow) vacuole-like structures suspected to store 

photosynthetic metabolites, and (F, blue arrows) medium electron dense granules 

assumed to serve a short-term storage role and are important in nitrogen metabolism 

function. Scale bars represent 5000 nm in panel A, 3000 nm in panel B, 2000 nm in 

panels C and F, 500 nm in panel D, and 1000 nm in panel E. 
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5.4.3 Cellular integrity 

 

Trichodesmium IMS 101 samples and positively buoyant surface colonies 

contained a mixture of intact and vacuolated cells (Figure 5-3; Figure 5-6A, B). 

All negatively buoyant cells were heavily vacuolated (Figure 5-6C - F). 

Additionally all cells from negatively buoyant colonies suffered from minimal to 

extensive cellular shrinkage indicated by the irregular shape of cellular 

perimeters (Figure 5-6D, E). This cellular shrinkage is not an artefact of TEM 

preparation as osmolarity was carefully controlled during processing to ensure 

hypoosmotic and hyperosmotic conditions were not encountered. Reductions 

in intracellular density may be indicative of senescence, but some storage 

bodies are still present despite vacuolisation, such as PHB granules (Figure 5-

6E, red arrows) and cyanophycin granules (Figure 5-6F, red arrow). 

 

5.4.4 Epibionts 

 

Epibionts were not observed around cells from Trichodesmium IMS101 cultures 

(Figure 5-3) or on positively buoyant surface colonies (Figure 5-4A, 5-5A, 5-6A). 

Epibionts extensively colonised the mucilaginous sheath of 2 negatively 

buoyant colonies (19% of analysed cells from negatively buoyant colonies) 

(Figure 5-7); all of the colonised Trichodesmium cells also contained the 

ballasting component PHB granules (Figure 5-5E), and nearly half (11% of total) 

contained another ballasting component, polyglucoside granules (Figure 5-8D). 

Epibiont distribution spanned the entire perimeter of these Trichodesmium 

cells (Figure 5-7A, B, C). Individual epibionts were tightly packed, irregularly 

arranged along the perimeter, and were occasionally overlapping (Figure 5-7D). 
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Figure 5-6. Intracellular vacuolisation. Transmission electron micrographs of Postively 

(A, B) and negatively (C - F) buoyant Trichodesmium colonies collected in the western 

Sargasso Sea illustrating variation in cellular density. (A) Healthy, intact cells. (B, C, D, 

E, F) moderate to extensive intracellular vacuolisation and cellular shrinkage compared 

to panel A. Orange lines mark cellular borders. Reductions in intracellular density may 

be indicative of senescence. The shaded, electron dense regions of the cell are gas 

vacuoles (C - F, orange arrows). Some storage bodies are still present despite 

vacuolisation, such as PHB granules (E, red arrows) and cyanophycin granules (F, red 

arrow). Scale bars represent 1000 nm in panel A, 5000 nm in panel B, and 2000 nm in 

panels C – F. 
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Figure 5-7. Epibionts. Transmission electron micrographs of cells from negatively 

buoyant Trichodesmium colonies collected in the western Sargasso Sea showcasing 

extensive colonisation of the mucilaginous sheath by epibionts indicated by red 

arrows. Orange lines mark cellular borders. Epibiont distribution appears to span the 

entire perimeter of the Trichodesmium cell (A, B, C). Individual epibionts are tightly 

packed, irregularly arranged along the perimeter, and are occasionally overlapping (D). 

Scale bars represent 2 µm in panels A and B, 5 µm in panel C, and 1 µm in panel C. 

Epibionts were not observed around cells from positively buoyant surface colonies 

(Figure 5-4A, 5-5A, 5-6A). 

 

5.4.5 Other cellular inclusions 

 

One cell in a negatively buoyant colony contained distinct thylakoid 

lamellae (Figure 5-8A). All of the cells containing epibionts (19%) were also 

surrounded by an extracellular matrix that was not detectable in any of the 

other negatively buoyant samples (Figure 5-8B). Polyglucoside granules, which 

are present only in T. thiebautii and are theorised to be involved in carbon 

storage and ballasting, were also present in 11% of negatively buoyant cells. In 

one negatively buoyant colony, multiple extracellular bodies were observed 

(Figure 5-8D). 
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Figure 5-8. Other inclusions of note. Transmission electron micrographs of cells from 

negatively buoyant Trichodesmium colonies collected in the western Sargasso Sea. 

Orange lines mark cellular borders. Various other inclusions encountered in the 

samples are indicated by red arrows, such as (A) thylakoid lamellae, (B) the 

extracellular matrix, (C) polyglucoside granules, which are theorised to be involved in 

ballasting, and (D) extracellular bodies, which may indicate the presence of 

compromised cells within the colony although we cannot rule out that they may simply 

be from associated organisms living in/on the colony. Scale bars represent 500 nm in 

panels A, B, and C, and 1000 nm in panel D. 

 

5.5 Discussion 

 

Poly-β-hydroxybutyric acid (PHB) and polyglucoside granules may act as 

part of the ballast required for vertical migration in Trichodesmium (Romans 

1994). The presence of PHB granules in 33% of cells in negatively buoyant 

Trichodesmium colonies, as well as the presence of polyglucoside granules in 

11% of cells, offers some support to the over ballasting for vertical migration 

theory postulated in Chapter 3. However, in order to thoroughly assess 

whether vertical migration is a likely mechanism by which Trichodesmium is 

escaping the euphotic zone, we must also consider other conditions that could 
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cause Trichodesmium to sink, such as programmed cell death (PCD) or 

necrosis, which could result in passive sedimentation during senescence or 

following cell death (Bar-Zeev et al. 2013) or viral infection and eventual viral 

lysis, a known contributor to Trichodesmium bloom demise (Hewson et al. 

2004; Brown et al. 2013).  

PCD can occur with ageing or following prolonged exposure to high 

irradiance, oxidative stress, and nutrient starvation in Trichodesmium (Berman-

Frank et al. 2004). Osmotic shock, UV shock, and heat shock, are also known 

to stimulate PCD in other organisms (Jiménez et al. 2009). Of these we assume 

Trichodesmium wouldn’t be normally exposed to osmotic or heat shock in the 

environment, but could plausibly suffer from nutrient starvation and 

senescence in a number of situations including during blooms. Additionally 

Trichodesmium could experience prolonged exposure to high irradiance 

following entrapment at the surface due to uncompensatable buoyancy 

(Berman-Frank et al. 2004). This condition is often encountered in buoyancy 

models where the organism is unable to produce enough ballast to overcome 

the positive buoyancy provided by gas vacuoles (Kromkamp and Walsby 1992; 

White et al. 2006). In such situations, long-standing exposure to high 

irradiance may then result in prolonged photoinhibition (Lewis et al. 1988; 

Kromkamp and Walsby 1992), which could render cells unable to produce the 

ballast necessary to escape the surface layer, eventually resulting in sinking 

and cell death (Berman-Frank et al. 2004). 

As 67% of the cells from negatively buoyant colonies lacked known ballast 

components, and as viruses were not observed in these samples, cell death 

may be the cause of sinking in these colonies. Since the colonies assessed 

were not associated with surface blooms, we assume high irradiance was not a 

trigger of PCD in these samples. Instead, we hypothesis that senescence during 

the stationary growth phase preceded cell death initiation in these samples. In 

Trichodesmium cell death is characterised by unique intra and extracellular 

characteristics, such as cellular shrinkage (Figure 5-6), cytoplasmic 

vacuolisation (Figure 5-6), and degradation of other intracellular components 

such as thylakoids (only observed in one cell from a negatively buoyant 

colony), carboxysomes (not observed in the negatively buoyant cells assessed), 

gas vesicles (Figure 5-4), and cyanophycin granules (absent in over 70% of 

negatively buoyant cells assessed) (Berman-Frank et al. 2004). We observed 
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extensive vacuolisation in these samples, and with the exception of one cell 

that contained thylakoids, all observed cells from negatively buoyant colonies 

lacked thylakoids and carboxysomes, and contained degraded/collapsed gas 

vesicles. All negatively buoyant cells assessed also displayed signs of cellular 

shrinkage. Taken together these characteristics offer support to cell death as 

an explanation for sinking in these colonies. There is also evidence that 

although compromised cell membrane integrity, sometimes including leakage 

of cellular material, occurs during PCD in other organisms (Jiménez et al. 2009; 

Zheng et al. 2013), PCD in Trichodesmium may not immediately present these 

characteristics as the plasmamembrane can remain intact following extensive 

intracellular vacuolisation (Berman-Frank et al. 2004).  

If senescence and PCD are responsible for sinking in this study, it remains 

to be assessed whether senescence commenced prior to Trichodesmium 

exiting the euphotic zone. If so, Trichodesmium would transport much less 

new nitrogen to depth if biomass was lost in the upper ocean. Thus, the 

intracellular integrity of negatively buoyant Trichodesmium cells within the 

upper 100 m requires further investigation. In light of this, Trichodesmium 

contribution to PON standing stock may be much less than previously 

calculated (Chapter 3). On the other hand, as 33% of the assessed cells from 

negatively buoyant colonies contained ballasting materials, these colonies may 

have become senescent following their exit from the upper ocean. In these 

colonies, there remains the potential for the exudation of intracellular biomass 

to occur below 100 m. 

The presence of cyanophycin granules in over a quarter of cells from 

negatively buoyant colonies (27.4%) also warrants further assessment when 

considering new-nitrogen fate and Trichodesmium taxonomy. Cyanophycin 

granules are a nitrogen storage structure in cyanobacteria (Siddiqui et al. 

1992), and although the cells from negatively buoyant colonies were highly 

vacuolated, they were transporting concentrated new nitrogen stores to depth.  

Cyanophycin granules were originally thought to be absent in T. 

erythraeum (Siddiqui et al. 1992) and in highly vacuolated T. thiebautii cells (Li 

and Lee 1990), but have since been described in T. erythraeum (Janson et al. 

1995). Due to this duality we cannot use the presence/absence of these 

granules as a taxonomic marker, but the absence of cyanophycin granules in 
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the majority of cells coupled with cellular vacuolisation again hints at a late 

growth phase regardless of species type. The loss of cyanophycin granules 

during the stationary growth phase in other cyanobacteria has been previously 

observed (Allen 1984), and vacuolisation may be representative of the cell 

density decrease consistent with cellular senescence in other organisms 

(Jiménez et al. 2009). Thus, cellular senescence may play a more important 

role than over ballasting in the sinking/settling of these Trichodesmium 

colonies. 

Other storage products present in the negatively buoyant colonies are 

able to provide some taxonomic insight. The multimembranous scroll-like 

structures (Figure 5-5B) are known to be involved in toxin production and are 

so far described only in T. thiebautii (Siddiqui 1992; Janson et al. 1995). The 

vacuole-like structures observed in some of the negatively buoyant colonies 

(Figure 5-5D) are unique to the vacuolisation process previously described and 

serve a suspected photosynthetic metabolites storage role. Vacuole-like 

structures are described as extensive in T. thiebautii, but are not reported for 

T. erythraeum in the literature (Siddiqui 1992). Polyphosphate bodies were not 

observed in any of these collections, but are only described for T. erythraeum. 

Medium electron dense granules were also not observed in the negatively 

buoyant Trichodesmium samples. They are thought to serve a nitrogen 

metabolism function and are described for T. thiebautii only (Li and Lee 1990). 

Taking all of these factors into consideration, we tentatively assume the 

majority of these colonies are T. thiebautii which is consistent with 

observations that T. thiebautii is the dominant Trichodesmium species in the 

Atlantic Ocean (O’Neil 1998; Carpenter et al. 2004; Capone et al. 2005). T. 

thiebautii has higher carbon content, and thus higher nitrogen content, per cell 

than T. erythraeum (120 ± 57 pgC cell
-1

 and 65 ± 32 pgC cell
-1

 respectively) 

(Luo et al. 2012), which again supports the potential for substantial 

Trichodesmium-attributable N availability at depth even in highly vacuolated 

cells. 
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5.6 Conclusion 

 

When PCD was induced in the laboratory, cellular lysis has been shown to 

occur within 24 hours following the onset of decreased intracellular density 

(i.e. extensive vacuolisation) (Berman-Frank et al. 2004). Potentially then, with 

an average colonial sinking rates of 62.1 ± 39.7 m d
-1

 (Chapter 3), and 

depending on the depth of PCD onset, all negatively buoyant Trichodesmium 

observed in this study would have apoptosed within hours. During apoptosis 

the transfer of Trichodesmium biomass from the fast sinking pool of POM to 

the suspended pool would occur nearly instantaneously. A constant rain of 

senescent Trichodesmium colonies destined to burst in the upper twilight zone 

would result in the injection of Trichodesmium-attributable PON directly into 

the water column thus making it readily available for remineralisation and 

contribution to enhanced N*. Further assessments of the ultrastructure and/or 

elemental composition of negatively buoyant Trichodesmium colonies would 

aid in constraining the estimations of Trichodesmium contribution to PON 

standing stock, and would be integral in expanding the understanding of 

Trichodesmium contribution to enhanced N* in the thermocline of the sub-

tropical North Atlantic gyre. 
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6. Conclusions and Future Directions 

 

6.1 Summary and main findings 

 

The role that diazotrophs play in marine nitrogen dynamics is well 

described in the surface ocean, but species-specific fates are still not 

completely defined. This work provides novel insights into the potential for 

these organisms to contribute to the anomalous nutrient distributions in the 

thermocline of the subtropical Atlantic Ocean despite previously reports that 

diazotrophic growth fuels export production rather than remineralisation 

(Michaels and Silver 1988) and that unicellular and filamentous diazotroph-

derived N is likely constrained to cycling in the surface ocean (Thompson and 

Zehr 2013). This work has also revealed that previous assumptions on the 

mechanisms by which Trichodesmium exits the euphotic zone being limited to 

incorporation in faecal material (Mulholland 2007), active transport (Guidi et al. 

2012), or sweeping mechanisms (Scharek et al. 1999b) also require 

redefinition. We can confirm that Trichodesmium is incorporated into faecal 

material and is involved in sweeping mechanisms by incorporation into 

aggregates (Chapter 3), but this organism also exits the euphotic zone via free 

sinking of potentially senescent colonies (Chapters 3 and 5). The presence of 

nifH from the unicellular and heterocystous diazotrophs below the euphotic 

zone (Chapter 2) also implies additional mechanisms of transport exist for 

these organisms, but further investigation specifically into these groups would 

be beneficial in better defining their fate.  

This final chapter is a synthesis of Chapters 2-5 and will discuss the 

implications of the findings of each previous chapter in relation to the findings 

of the other chapters. Limitations of this study and recommendations for 

future work will also be discussed. 
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6.1.1 Implications of polyploidy in Trichodesmium 

 

The assessments of the nifH community carried out in Chapter 2 revealed 

Trichodesmium-specific nifH to be dominant in many of the samples, such as 

at the surface between the equator and 10°N on the D361 transect. As we now 

know that gene copies exceed cell counts by two orders of magnitude on this 

cruise and that Trichodesmium is potentially polyploid (Chapter 4), these 

conclusions may not reflect the actual diazotrophic community structure in this 

region.  

The maximal discrepancy between cell counts and gene copies on D361 

resulted in a theoretical ploidy level of 120 genome copies per cell for 

Trichodesmium. If this upper threshold of ploidy is applied to the dataset, and 

Trichodesmium-specific nifH is reduced by a factor of 120 to bring nifH copies 

in the theoretical range of cell numbers, Trichodesmium-specific nifH would no 

longer be the largest component of the nifH community structure between the 

equator and 10°N. Instead, it would only composes the majority of nifH 

community structure at station 16 (8°20 N), and other phylotypes could 

increase in contribution, such as the heterocystous Richelia-Hemaulus (Figure 

6-1).  
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Figure 6-1. Raw (left) and amended (right) nifH gene abundances for 

Trichodesmium following reduction of Trichodesmium-specific nifH in 

accordance with the theoretical upper threshold of polyploidy observed in situ 

(120 genome copies) compared to raw Richelia-Hemiaulus nifH. Color bar 

represents section latitude. 

 

However, as the ploidy level of the other phylotypes is unconfirmed and 

as the ploidy level of Trichodesmium is highly variable, these sorts of 

manipulations are premature. If the other diazotrophs are monoploid, the 

dominance of Trichodesmium-specific nifH may still echo the dominance of 

Trichodesmium biomass in diazotrophic communities, but if any of the other 

diazotrophic genera are also polyploid, such as the similarly sized Richelia 

intracellularis, more thorough physiological assessments will need to be 

conducted before speculation on biomass and community structure can be 

determined from qPCR data.  

In future, it would be advantageous for cell counts to be conducted 

alongside nifH-based abundances on research cruises, especially for 

Trichodesmium and Richelia intracellularis. Such a dataset would be largely 

valuable in the development of a proxy for conversions from gene-based 

abundances to actual cell numbers that would be representative of true 

diazotroph biomass. This is especially important as oceanographic sampling 

techniques advance. The future of ocean sampling will surely involve increased 

use of gliders, floats, and other autonomous sampling platforms. Many of 

these sampling platforms may harbour molecular technologies, which would be 
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beneficial in increasing gene-based abundance datasets, but inadequate for 

biomass estimates if accurate conversion factors are not available. 

 

6.1.2 Refining diazotroph  contribution to N* and Trichodesmium 

contribution to PON export 

 

When comparing diazotroph abundance and distribution with N*, there is 

a clear trend observed between high nifH abundances in the surface and 

enhanced N* at depth, which implies diazotrophs likely influence enhanced 

nitrate below the mixed layer (Figure 6-2). This is supported by the isotopic 

signature of the nitrate pool in the subtropical North Atlantic thermocline, 

which indicates that newly fixed nitrogen is likely contributing to the N* 

anomaly (Knapp et al. 2008). Maximum N* anomalies in the North Atlantic gyre 

are associated with a potential density interval in the  = 26.1-27.1 range 

(Gruber and Sarmiento 1997, Hansell et al. 2007), which was located between 

100 and 500 m along the transect in this study. We hypothesize that sinking 

diazotrophs are being remineralised shortly after their exit from the mixed 

layer, relatively rapidly, consequently depositing their N-rich cellular contents 

into the water column between 100 and 500 m, which provides a mechanism 

for generating some of the N* anomaly observed at depth (Figure 6-2). This is 

consistent with the accumulation of the N* signal only occurring in regions 

where these isopycnals are shallower than ~400m (Hansell et al. 2004), where 

release of diazotroph-derived material between 100 and 500 m could inject 

into this density layer following the shoaling of the permanent thermocline at 

low latitudes near the equator (Sarmiento et al. 2004). The dominant 

diazotrophs north of the equator, Trichodesmium and unicellular Group A 

cyanobacteria, may be larger contributors to the N* anomaly than R. 

intracellularis, which may not contribute as readily to the N* anomaly as its 

host diatoms are more apt to aggregate and sink too quickly for 

remineralisation in the upper twilight zone (Alldredge and Gotschalk 1988, 

Villareal et al. 2011). However, the contribution individual diazotrophs make to 

N* remains unresolved. 
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Figure 6-2. Log nifH abundance and N* with potential density (σθ) contours 

highlighting enhanced N* within the σθ=26.6-27.0 range along the transect 

corresponding to increased nifH abundance in the same depth range. Note slight 

difference in scale of the y axis for each panel. 

 

Trichodesmium colonies collected on the D361 cruise were exiting the 

mixed layer via passive sedimentation, theorised to be due to over-ballasted 

vertical migration attempts. These negatively buoyant colonies were present as 

deep as 300 m (Chapter 3), but the cellular integrity of these colonies was 

unknown. Ultrastructural assessments of negatively buoyant colonies collected 

on the BATS284 cruise between 100 and 250 m revealed the presence of 

ballasting components in 33% of cells assessed, thus confirming the potential 

for over ballasting to transport some Trichodesmium colonies to depth, but the 

majority of negatively buoyant cells (the remaining 77%) did not contain 

ballasting components, and were instead highly vacuolated (100% of negatively 

buoyant cells assessed), which is indicative of a programmed cell death (PCD) 

pathway (Chapter 5).  If the PCD pathway is initiated while colonies are still in 
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the surface layer, then the exudation of intracellular material would result in 

the loss of Trichodesmium-derived biomass to the upper ocean. Conversely, if 

the PCD pathway is initiated below the mixed layer, the loss of intracellular 

material would still be available for remineralisation and contribution to N*. 

This would also be the case for intact colonies exiting the mixed layer via the 

over ballasting mechanism. These various passive sedimentation and 

remineralisation pathways for Trichodesmium colonies are illustrated in Figure 

6-3.  

 

Figure 6-3. Schematic representation of potential passive sedimentation and 

remineralisation pathways for Trichodesmium colonies. The orange colony border 

represents intact cell membranes and yellow colony interior represents non-vacuolated 

cells. Exudation of intracellular material and subsequent remineralisation are 

represented by dashed arrows as indicated above. 

 

Due to the potential range of fates for Trichodesmium-derived material, 

such as surface cycling of Trichodesmium-derived biomass or export and 

remineralisation of Trichodesmium biomass below the euphotic zone, it is 

difficult to quantify the contribution of Trichodesmium to PON export at the 

present stage. If surface initiated PCD is responsible for the presence of some 
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colonies at depth, then previous estimates of Trichodesmium contribution to 

PON standing stock described in Chapter 3 would decrease due to a 

combination of full contribution of biomass by ballasted cells and a decreased 

contribution of biomass by the cells involved in the PCD pathway. This would 

decrease Trichodesmium contribution to PON standing stock at 10 m below the 

mixed layer, which would also decrease Trichodesmium derived export fluxes.  

However, over a quarter of the cells assessed from negatively buoyant 

colonies contained multiple cyanophycin granules in each cell, which are a 

known nitrogen storage structure (Siddiqui et al. 1992). Although these cells 

were highly vacuolated, they contained these concentrated new nitrogen 

stores. Thus, the amended estimates of Trichodesmium contribution to PON 

standing stock should be considered conservative, as cellular nitrogen content 

was derived from a 6.3 conversion of C:N in Trichodesmium (Mulholland 2007) 

in Chapter 3, and the maintenance of nitrogen stores during cell density loss in 

these cells would likely skew that ratio to a higher N content. Additional 

assessments of cellular integrity in sinking Trichodesmium, such as cell death 

stains during cell counts or caspase activity assays, would aid in a better 

definition of Trichodesmium contribution to PON export. 

Additionally, as the PCD pathway eventually results in cellular lysis 

(Berman-Frank et al. 2004), much more recently apoptosed Trichodesmium-

derived material may be present in the water column below the mixed layer 

than is detectable optically. Similarly, the degradation of Trichodesmium-

derived biomass present in aggregates and faecal material may also contribute 

more to Trichodesmium-derived PON at depth than we are able to quantify 

optically. This is particularly apparent after assessments of aggregates using 

standard light microscopy versus epifluorescent microscopy where recently 

degraded trichomes are only revealed when the phycoerythrin pigment is 

excited (Figure 6-4). Unfortunately, this assessment was not available on the 

D361 cruise, so estimated Trichodesmium contribution to PON and PON fluxes 

should be considered conservative as biomass may have been missed due to 

methodological limitations. 
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Figure 6-4. Micrographs of an aggregate using (A) standard light microscopy, and (B) 

excitation of the phycoerythrin pigment using epifluorescent microscopy showcasing 

that Trichodesmium presence can sometimes only be revealed via the latter technique. 

This aggregate was collected at 175 m in the Gulf of Mexico. Scale bars represent 

50µm. 

 

6.1.3 New mechanisms of diazotroph contribution to export 

 

Previously, the only mechanisms assumed in the transfer of diazotrophic 

biomass to depth were direct export of DDAs following aggregation (Karl et al. 

2012), direct export of Trichodesmium via sweeping mechanisms (Sharek et al. 

1999b), indirect export of diazotrophic material following ingestion and 

repackaging into faecal pellets (Mulholland 2007), and indirect export 

following incorporation of diazotroph derived material into the biomass of 

other organisms in the surface ocean (Mulholland 2007; Loick-Wilde 2012), 

which themselves contribute to export both directly and indirectly (Discussed 

in more detail in Chapter 1.7). This study has revealed that Trichodesmium is 

also capable of contributing to export via passive sedimentation (Chapter 3). 

The presence of nifH specific to the unicellular and heterocystous diazotrophs 

in sinking material as deep as 500 m (Chapter 2) highlights the need for more 

thorough assessments of diazotroph presence in sinking material to confirm 

the mechanisms of export in these organisms.  

There is also the potential for variation of diazotroph-derived nitrogen 

within each group of diazotrophs depending on the mechanism of transport 

between the surface layer and depth, or depending on individual physiologies 

and cell death. All but a single cell assessed from negatively buoyant 
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Trichodesmium colonies seemingly suffering from PCD in this study lacked 

thylakoids (Chapter 5), whereas chlorophyll and other pigments were 

maintained in sinking Trichodesmium which was incorporated in aggregates 

and faecal pellets (Chapter 3; Figure 6-4). Thus, there may also be variation in 

the elemental composition of Trichodesmium cells depending on the 

mechanism of export. The potential for plasticity in Trichodesmium-derived 

POC and PON under these different conditions increases the difficulty of 

quantifying their contribution to export fluxes. 

 

6.2 Applications of this work 

 

It was previously assumed that nitrogen fixation was contributing to 

enhanced N* in the thermocline of the subtropical North Atlantic Ocean 

(Hansell et al. 2004, 2007), but mechanisms to describe the transfer of newly 

fixed nitrogen to depth were lacking. This work reveals those mechanisms and 

allows for redefinition of the fate of diazotrophic organisms for incorporation 

into future biogeochemical models and estimations of their importance and 

function in the marine nitrogen cycle. This work additionally provides 

motivation for further investigation of the fate of diazotrophs in other ocean 

regions. 

This work also highlights a physiological trait previously undescribed in 

Trichodesmium, polyploidy. This work warrants redefinition of the applications 

of the qPCR method for assessing diazotrophic abundance. This method still 

proves valuable in assessments of biogeography and nifH community 

structure, but the potential for polyploidy in Trichodesmium and other 

diazotrophs introduces difficulties in the extension of this method to use in 

biomass estimates. These findings also provide a stimulus for ploidy 

assessments in the other diazotrophic cyanobacterial groups as well as 

continued assessments of the conditions under which the ploidy level of 

Trichodesmium varies. 
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6.3 Revisiting Hypotheses 

 

6.3.1 Hypotheses 

 

H
1

: Trichodesmium is not a likely constituent of export  

i. Conclusions: H
1

 partially rejected. Previous assessments of 

Trichodesmium have overlooked this organism’s potential 

to sink out of the mixed layer, but it’s contribution to PON 

flux appears to be minimal.  

 

H
2:

 Remineralisation of Trichodesmium between the mixed layer and 

500 m, north of the equator in the Atlantic, is contributing to the N* 

anomaly seen in the thermocline of the northern subtropical gyre, 

while DDA export likely results in sequestration of carbon and 

nitrogen rather than remineralisation. 

i. Conclusions: H
2

 partially accepted. While significant loss of 

Trichodesmium biomass between the mixed layer and 500 

m suggests the organism is being remineralised within this 

depth range, and thus is contributing to N*, we have yet to 

quantify this contribution. Our assessments of DDA fate 

are inconclusive as we encountered them far less often 

than anticipated. 

 

 H
3

: There are multiple mechanisms by which diazotroph export 

occurs  

i. Conclusions: H
3

 accepted. It appears a variety of 

mechanism transport diazotrophs to depth including 

sweeping, grazing, free sinking, and active transport. 
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H
4

: Over ballasting of Trichodesmium in the surface layer is causing 

it to sink past phosphocline and terminating the ability for the 

colony to return to the surface. 

i. Conclusions: H
4

 inconclusive: although there was evidence 

of ballasting components in negatively buoyant 

Trichodesmium colonies, it appears PCD may play a larger 

role in facilitating the transfer of Trichodesmium biomass 

to depth 

 

H
5

: If over ballasting is the mechanism by which Trichodesmium is 

exported, the intracellular POC/PON is high quality. 

i. Conclusions: H
5

 rejected: negatively buoyant 

Trichodesmium colonies contained highly vacuolated cells, 

and thus a smaller, more degraded quantity of POC/PON than 

would be present in a cell that was sinking solely due to 

ballasting. 

 

H
6

: Gas vacuole collapse in colonies collected between 100 and 300 

m guarantees sinking Trichodesmium at these depths lacks the 

ability to return to the surface. 

i. Conclusions: H
6

 partially accepted. Although gas vacuoles 

were degraded and collapsed in negatively buoyant colonies, 

we cannot be sure whether this is due to pressure or PCD 

associated breakdown. Regardless, negative buoyancy would 

be irreversible in either case. 

 

H
7

: Quantification of the nifH gene via qPCR can be directly related to 

cell number. 

i. Conclusions: H7 rejected. There is a large discrepancy 

between cell counts and gene copy numbers in 

Trichodesmium. This discrepancy has yet to be confirmed with 

other phylotypes. 
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6.4 Final remarks 

 

Contrary to previous expectations molecular assessments revealing the 

presence of all three groups of diazotrophs below the euphotic zone (Chapter 

2) and optical confirmation of the conspicuous diazotrophs present in these 

depth ranges (Chapter 3) reveal that previous assessments of the fate of 

diazotrophs have underestimated their ability to exit the euphotic zone.  

Marine diazotrophs play an important role in marine biogeochemical cycles 

by fixing N
2

 into bioavailable forms. Elucidation of the extent to which these 

diazotrophs are contributing to the biogeochemistry of deeper waters provides 

novel insight into the cycling of fixed nitrogen in the oligotrophic ocean thus 

highlighting the importance of these organisms in both the supply of nutrients 

to the thermocline and in the sustenance of ocean productivity on longer time 

scales.  
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Appendix 1 

 

 

Table A1. SAPS deployment details 

   

Station Lat Lon 
Depth 

(m) 

Size 

fraction 

(µm) 

Deployment 

time 

(minutes) 

Total 
volume 

filtered (L) 

10 07°13 S 25°00 W 70 53 137 2066 

10 07°13 S 25°00 W 70 1 137 2066 

10 07°13 S 25°00 W 170 53 140 2343 

10 07°13 S 25°00 W 170 1 140 2343 

10 07°13 S 25°00 W 500 53 137 2174 

13 07°13 S 25°00 W 70 53 138 1915 

13 01°09 N 26°02 W 70 1 138 1915 

13 01°09 N 26°02 W 170 53 138 2041 

13 01°09 N 26°02 W 170 1 138 2041 

13 01°09 N 26°02 W 500 53 133 3419 

16 08°20 N 28°20 W 70 53 138 2024 

16 08°20 N 28°20 W 70 1 138 2024 

16 08°20 N 28°20 W 170 53 138 2053 

16 08°20 N 28°20 W 170 1 138 2053 

16 08°20 N 28°20 W 500 53 142 2148 

19 15°30 N 28°23 W 85 53 138 2025 

19 15°30 N 28°23 W 85 1 138 2025 

19 15°30 N 28°23 W 170 53 138 2342 

19 15°30 N 28°23 W 170 1 138 2342 

19 15°30 N 28°23 W 500 53 138 2117 

21 19°10 N 28°07 W 140 53 138 2012 

21 19°10 N 28°07 W 140 1 138 2012 

21 19°10 N 28°07 W 250 53 138 2368 

21 19°10 N 28°07 W 250 1 138 2368 

21 19°10 N 28°07 W 500 53 138 2146 
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