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ABSTRACT 

Molecular Fingerprinting to Understand Diazotrophic Microbe Distribution in Oligotrophic 

Oceans 

 

Roslinda Mohamed 

 

In oligotrophic systems, where primary production is low and nitrogen is in short supply, 

nitrogen fixation process is intense. Although a few diazotrophs (eg. Trichodesmium) have 

been widely-studied, the rest of the diazotrophic community is still poorly understood. 

Furthermore, the global distribution of diazotrophs are yet to be clearly resolved.  

 

This dissertation assessed the distribution of diazotrophs in oligotrophic systems, particularly 

in the tropical and subtropical oceans, using genomics tools including next-generation 

sequencing. We first tested out a pair of nifH-specific primer that previously performed well 

in silico, but found that its application on seawater samples was biased towards paralogous, 

non-functional nitrogenase nifH genes. Instead, we found that the use of a nested PCR 

method using different primers sets to be more effective in amplifying functional nifH genes. 

 

Trichodesmium sp., UCYN-A and Pseudomonas sp. forms the core of the diazotrophic 

communities in oligotrophic oceans. Temperature is the primary driver of the abundances and 

distributions of these organisms in the Pacific, Atlantic and Indian Oceans, as well as in the 

oligotrophic Red Sea. Trichodesmium tends to dominate warm, surface waters, while UCYN-

A prefers cooler environments and dwell in sub-surface waters in the Red Sea. Due to the 

dominance of Pseudomonas in the large-sized fraction samples, they are believed to be part 
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of the Trichodesmium-associated consortia, although this requires further investigations. We 

also found non-cyanobacterial species of diazotrophs to be dominant previously-described 

hotspots of nitrogen fixation, and found evidence for the widespread of alternative 

nitrogenases (Cluster II). Using the Red Sea as an exemplar for future warming ocean, we 

found patterns of niche partitioning in the Red Sea diazotrophs, based on their distribution 

along seasons, latitude and depth. Our one-year observation of Red Sea Trichodesmium 

population witnessed the collapse of the population at temperatures above 32°C. This 

dissertation not only improve our understanding of the effects of future rising temperature on 

the natural populations of diazotrophs, but it also helps to establish a baseline understanding 

of the structure, spatial and temporal dynamics of Red Sea diazotrophs, which has not been 

discussed elsewhere.    
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INTRODUCTION 

Marine nutrient cycling  

Nutrients, space and energy are three principal resources that are vital to life. For most of the 

biosphere, sunlight is the prime source of energy. Carbon (C), hydrogen (H), oxygen (O), 

nitrogen (N), phosphorus (P), and sulphur (S) were formed as a result of The Big Bang, and 

became some of the most essential elements or ‘nutrients’ that make up life. These nutrients 

are mostly used up by photoautotrophs, which utilize sunlight to fix carbon dioxide (CO2) to 

create macromolecules (carbohydrate, protein, nucleic acids and lipids) and contribute to the 

pool of particulate organic matter (POM) in the environment.  

 

In oceans, the growth of photoautotrophs is limited to a thin euphotic layer within the water 

column. In addition to photosynthetic processes in the euphotic zone, calcium (Ca) and 

dissolved carbonates such as carbonic acids (H2CO3) and bicarbonates (CHO3
-) are combined 

to form protective CaCO3 coatings for calcareous plankton. These organisms thrive in the 

euphotic zone and get recycled, or otherwise sink to the seafloor when they die. Whilst this 

downward organic matter transport together with microbe-mediated remineralization process 

help to enhance nutrients below the euphotic zone, continuous uptake of nutrients near the 

surface will instead cause nutrient depletion. 
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Nutrient limitation and stoichiometry  

Nutrient depletion restricts both biological and ecological processes, and may modify species 

composition and abundance at multiple scales (Moore et al., 2013). Changes in the microbial 

population may also be influenced by the co-limitations/ interactions between two or more 

nutrients.  Moore et al (2013) also mentioned that within modern oceans, no single nutrient 

for which the surface concentration or overall inventory can be considered limiting in 

isolation (Moore et al., 2013).     

 
In order to describe the quantitative relationship between nutrients within intracellular and 

extracellular pools, the term ‘nutrient stoichiometry’ was coined (Redfield, 1934). The 

concept has been utilised to determine the biogeochemical states of oceans. Generally, a ratio 

of 106 C: 16 N: 1 P is quintessential for a steady-state ocean (Karl, 2002).  Using this 

concept, Redfield (1934) was able to highlight the co-variability of dissolved nitrate and 

phosphate in the ocean interior, and demonstrate the similarity of this ratio to N:P ratios 

within particulate organic matter and cellular material (Moore et al., 2013; Redfield, 1934). 

Stoichiometry thus exerts a fundamental control on nutrient limitation and the coupling 

between the biogeochemical cycles of the different nutrients (Cullen, 1991; Redfield, 1934; 

Deutsch and Weber, 2012; Gruber and Galloway, 2008). Using the stoichiometry concept, 

nitrogen has often been pinpointed as the primary limiting nutrient in most oceans (Figure ). 



 19 

 

Figure 1. Patterns of nutrient limitation. Backgrounds indicate annual average surface 

concentrations of nitrate in µmol kg-1. Symbols indicate primary (inner circle) and secondary 

(outer circle) limiting nutrients. Divided circles indicate potentially co-limiting elements. 

White outer circles indicate that no secondary limiting nutrient was identified. Image 

modified from Moore et al. (2013).  

 

Marine nitrogen cycle 

Nitrogen is essential to life. Depending on the life form, about 2–20 nitrogen atoms are 

incorporated into living cells with every 100 atoms of carbon that is assimilated (Sterner and 

Elser, 2002). Despite being one of the most abundant elements in the universe (Suess and 

Urey, 1956) not all forms of nitrogen are ready-to-use. This is because nitrogen is able to 

exist and transform into a spectrum of redox states thereby making the nitrogen cycle the 
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most complex biogeochemical cycle. As nitrogen is also in constant short supply (Figure ), it 

is said to be the primary limiting factor of both marine and terrestrial productivity and is able 

to exert a strong influence on other biogeochemical cycles that are essential to life.  

 

Figure 2. Marine nitrogen cycle. PON; particulate organic nitrogen, DON; dissolved organic 

nitrogen, DNRA; dissimilatory nitrate reductase to ammonium. Image adapted from Arrigo 

(2005).  

 

In marine systems, nitrogen typically exists as amine or amide groups in organic matter, with 

redox states ranging from –3 to +5 (Figure ). Due to this reason, nitrogen may act as both an 

electron donor and acceptor for energy metabolism in the ecosystem. NH4
+, rather than NO3

-, 

is a preferred source of nitrogen for marine organisms (Zehr and Ward, 2002). Conversion of 

NO3
– to NH4

+ is feasible but demands large energy input, although phytoplanktons that are 

able to assimilate NO3
- usually are also able to use NO2

–. Consequently, NH4
+ is returned to 
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the environment by remineralization processes such as ammonification (organic N NH4
+) 

and nitrification. In the absence of light, electrons and protons that are generated through 

both these processes may help chemoautotrophs fix inorganic carbon (Canfield et al., 2010). 

On the contrary, oxidation of organic carbon generates energy to aid nitrate reduction under 

anaerobic conditions (Canfield et al., 2010), consequently producing NH4
+ via dissimilatory 

nitrate reduction to ammonium (DNRA), or N2 gas via denitrification. 

 

Anaerobic ammonia oxidation (anammox) was discovered recently in planctomycetes (Strous 

et al., 1999). The process involves NH4
+ oxidation and N02

- reduction that potentially help 

fuel chemoautotrophic growth (Strous et al., 2006). Unlike denitrification, N2O is not formed 

during annamox, and N2 gas is returned back to the atmosphere. In order to increase 

bioavailable nitrogen in marine ecosystems, a unique consortium of microbes, termed 

diazotrophs, work to convert atmospheric N2 to NH4
+ via the process of N2-fixation.  

 

Marine N2-fixation and key players 

N2-fixation is the process by which atmospheric N2 gas is converted into two molecules of 

ammonia as outlined by the reaction below: 

 

N2 + 8H+ +16 ATP + 8e-  2NH3 + H2 + 16 ADP + 16 Pi 

 

Owing to the stability of the triple bond of N2 ( ), this conversion is energy-demanding 

(16 ATP per N2 molecule) and is hindered by oxygen. The latter is attributed by the nature of 

nitrogenase, the primary catalyst of N2-fixation, that is oxygen-sensitive due to Fe-S clusters 

present on its active site.  
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Figure 3. Structure of nitrogenase enzyme. A schematic diagram illustrating the general 

structure of nitrogenase and the reactions that occur within nitrogenase constituents during 

N2-fixation. 

 

Nitrogenase is composed of two proteins – a heterodimeric molybdenum-iron (MoFe) protein 

(dinitrogen reductase) that binds to the N2 and a smaller, homodimeric iron protein 

(nitrogenase reductase) that acts as an electron donor to the first protein (Figure ). In this 

process, the transfer of electrons from the Fe-protein to the MoFe-protein is mediated by 

repeated association and dissociation reactions of the heterodimeric MoFe-protein complex.  

 

Unlike the Fe-protein complex that is highly conserved, MoFe-protein component of 

nitrogenase is able to exist in several forms. When an active Mo- nitrogenase is not present 

due to physiological or genetic modifications (Lehman and Roberts, 1991; Eady, 1997), Mo 

may be replaced by other elements such as vanadium (V), iron or tungsten (W) (Bishop et al., 

1980; Fallik et al., 2003; Oda et al., 2005), thereby forming Mo-independent or alternative 



 23 

nitrogenases (Eady, 1997). Alternative nitrogenases have been shown to be widely-

distributed among diazotrophs (Eady, 1997).  

 

Despite numerous nitrogenases that are present in nature, most are biochemically similar and 

may be found in a range of prokaryotes (Postgate, 1982). The high degree of similarity in the 

protein sequences of nitrogenase suggests an early origin or lateral gene transfer of this gene 

(Zehr et al., 2003). Within the water column, diazotrophs are primarily cyanobacteria that 

may be classified as: non-heterocystous, filamentous cyanobacteria; heterocystous 

cyanobacteria; and unicellular cyanobacteria (Karl et al., 2002; Luo et al., 2012). 

Heterocystous cyanobacteria are generally, filamentous and include both free-living and 

symbiotic cells. They have also been known to be endemic to cold, brackish waters (eg. 

Nodularia spp., Aphanizomenon spp., and Anabaena spp.) and in warm, oligotrophic waters 

(eg. Richelia intracellulais and Calotrix) (Karl et al., 2002; Sohm et al., 2011; Lehtimaki et al., 

1997; Foster and Zehr, 2006).  

Culture-independent methods drive discovery of new diazotrophs 

Advancements in molecular methods have greatly improved identification of diazotrophs. As 

opposed to the conventional method of isolating diazotrophs in N-free media, identification 

using the nitrogenase gene, nifH and other related gene sequences (hetR, nifD, nifK) have 

been able to identify more diazotrophs in the water column, even beyond the euphotic zone. 

One example is the group of unicellular cyanobacteria (UCYN) (Zehr et al., 2001), which to-

date, has been classified as: uncultivated Group A (UCYN-A); cultivated Group 

B/Crocosphaera watsonii (UCYN-B); and cultivated Group C (UCYN-C) (Luo et al., 2012). 

Thus far, diazotrophic UCYNs have been found in both tropical and subtropical surface 
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waters and their rate of fixing N2, when present at high concentrations, can surpass that of 

Trichodesmium (Sohm et al., 2011).  

 

Other diazotrophs that have been identified using molecular-based methods include members 

of alpha- and gammaproteobacteria (Moisander et al., 2008; Church et al., 2005). Although 

N2-fixation has often been associated with near-surface waters, nifH genes relating to alpha-, 

beta- and gammaproteobacteria have also been found below the euphotic zone (Hewson et al., 

2009; Rahav et al., 2013).  

 

Trichodesmium, the well-studied diazotroph 

In the open ocean, most studies are focused on the non-heterocystous cyanobacteria, 

Trichodesmium. Trichodesmium is commonly found in low-nutrient, tropical and subtropical 

waters where they often form near-surface blooms that may be collected easily using a bucket 

or plankton tow. In the field, Trichodesmium are typically polymorphic, and may appear 

either as free trichomes, or colonies of fusiform and/or spherical aggregations. Based on 

cytomorphological observations and molecular surveys of the 16S rRNA and hetR genes of 

Trichodesmium, five species have been derived. These species include: T. thiebautii,, T. 

hildebrandtii, T. tenue, T. contortum and T. erythraeum (Janson et al., 1999; Hynes et al., 

2012; Ohki and Fujita, 1982), where T. erythraeum has the largest genetic variation. 

Trichodesmium have a large global N input of about 60-80 Tg N year-1 (total global input is 

100-200 Tg N year-1) and are able to grow in high N:P and C:P environments (Karl et al., 

2002). 
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Marine N2-fixation and its relevance to global warming 

N2-fixation supplies half of the nitrogen required by primary producers. Its global input is 

estimated to be about 140 Tg N yr-1, while 400 Tg N yr-1 is said to be lost from marine 

ecosystems (Deutsch et al., 2007; Codispoti, 2007). However, given the exponential increase 

in fossil fuel combustion and usage of artificial fertilizers as a result of global population 

increase, these estimates should be expected to deviate in the future. 

 

Impacts of human activities on the marine ecosystems may be both direct and indirect. High 

inputs of N into the system may cause eutrophication, which often disrupts marine 

ecosystems. With severe eutrophication, hypoxic zones form, creating “dead zones” where no 

organism may thrive (Voss et al., 2013). In combination with ocean warming, hypoxic zones 

within oceans may also expand due to increased gas solubility with increasing seawater 

temperature. Hypoxic zones may be a source of nitric oxide (NO) radicals, which is a 

precursor of nitrous oxide gas (N2O) that causes ozone depletion. 

 

The connection between global climate change and the rate of N2-fixation in the environment 

is therefore indisputable. Being a part of the nitrogen cycle, which is interlinked with that of 

carbon, phosphorus, and other biologically-important elements via stoichiometric 

requirements, alterations to this supply of bioavailable nitrogen clearly will have major 

consequences on biogeochemical processes as well as ecosystem functions and services.  
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The oligotrophic Red Sea – physicochemistry and N2-fixation  

 

 

Figure 4. Map of the Red Sea. Image adapted from Worldatlas, 2015, Red Sea Map and Map 

of The Red Sea Depth Size History Information Page [ONLINE] Available at: 

https://www.worldatlas.com/aatlas/infopage/redsea.htm [Accessed 3 April 2018] 

 
The Red Sea (22°N, 38°E) is a semi-enclosed water body located in an arid, tropical zone 

between Africa and Saudi Arabia (Figure ). The basin is on average about 490m deep, with 

shelf breaks marked by coral reefs and a central region marked by a 2000m deep axial trench. 

It receives high solar irradiance (SST >30°C), and experiences extensive evaporation (2.06 ± 

0.22 m yr-1) and high salinity (>40 psu) (Chiffings, 1994), classified as a fast-warming 

ecosystem, influenced by global climate change (Igor M. Belkin, 2009; Raitsos et al., 2011; 

Chaidez et al., 2017). We can therefore predict that the Red Sea harbours a unique 
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consortium of organisms that are able to cope with rapid temperature changes and harsh 

living conditions. Indeed, adaptation genes to high light and high salinity are rich in the 

system (Thompson, 2014). 

 

Horizontal and vertical circulations in the basin are driven by wind stress and air-sea 

buoyancy fluxes (Papadopoulos et al., 2013). Horizontal circulation within the Red Sea 

consists of multiple eddies concentrated in the central region between 18 – 24°N (Zhan et al., 

2014; Quadfasel and Baudner, 1993). The eddies generally last for about 6 weeks and have 

radii (~94km) that are consistent to the width of the basin (Zhan et al., 2014). Although 

anticyclonic eddies are more prevalent than cyclonic eddies in the Red Sea, both tends to 

peak during winter and summer periods. 

 

The Red Sea is ultra-oligotrophic because nutrients are often trapped in the deep water due to 

its year-round stratification (mixed layer < 50m), hindering biological productivity in the 

euphotic zone (Acker et al., 2008). However, seasonal intrusion of nutrient from the Indian 

Ocean do occur, making southern Red Sea most nutrient-rich while the north-central region is 

most oligotrophic (Raitsos et al., 2013). Highest and lowest Chl-a concentrations are 

typically observed in winter and summer respectively, and primary production around the 

central region ranges from 170–500 mg m− 2 d− 1 (Raitsos et al., 2013). Many major nutrients 

such as nitrate and phosphate are diminished (Raitsos et al., 2013; Kürten et al., submitted).  

 

N2-fixation-related studies in the Red Sea are by far, only concentrated in the north. Low N2-

fixation rates have been reported (Westberry and Siegel, 2006; Foster et al., 2009), where 

highest are observed in fall (1.0 ± 0.1 nmol N L-1 d-1) and spring (1.9 ± 0.2 nmol N L–1 d–1) 

(Foster et al., 2009). At greater depth, N2-fixation rates ranged between 0.01 – 0.38 nmol N 
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L–1 d–1 and it correlated with bacterial productivity (Rahav et al., 2013). With respect to its 

diazotrophic community, Trichodesmium, and γ-proteobacteria has been found on surface 

and sub-surface waters (Foster et al., 2009). Heterotrophic diazotrophs were also detected at 

depth of up to 750 m (Rahav et al., 2013). 

 

Limitations in current N2-fixation studies 

Going beyond the boundaries at which N2-fixation was thought to be confined to will likely 

lay an impact on the current estimates of nitrogen inputs in the global ocean. Current data 

lack robustness because measurements are limited and geographically sparse (Benavides et 

al., 2018). On that note, future ventures into unexplored ocean bodies such as the Red Sea 

will be judicious. Moreover, N2-fixation has the potential of being one of the most vital 

processes in the Red Sea, given the ubiquity of Trichodesmium and ultra-oligotrophic nature 

of the system. The scarcity of data on Red Sea’s global nitrogen input also warrants the need 

to explore the potentials of N2-fixation in the system.   

 

Metagenomics and other -omics methods can also help to link back inventories of organisms 

and their functions. Sequencing technologies have now advanced so extensively that the 

inventories and functions of diazotrophs deserves to be revised, on a finer scale, to help 

determine if there are unfound, novel members of the diazotroph community, besides 

Trichodesmium. Additionally, future studies on the diazotroph community should also be 

scrutinized based on size, to understand the abundances and contributions of free-living and 

particle-associated, or small and large-sized diazotrophs.  
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OBJECTIVES 

This dissertation focuses on assessing the distribution of diazotrophs in oligotrophic systems, 

particularly in the tropical and subtropical oceans, where primary production is low and 

nitrogen is in short supply. Diazotrophs are prokaryotic organisms that have the capability of 

converting atmospheric N2 to bioavailable nitrogen (NH4
+), thereby supplying new nitrogen 

to marine ecosystems. The cyanobacteria, Trichodesmium, is often thought to be the major 

diazotroph in global oceans, given its ubiquity and vast abundance based on conventional 

microscopic counts. Molecular-based techniques however, have uncovered the diazotroph 

community even further, and the advent of next-generation sequencing has provided an 

avenue to discovering diazotrophs in previously unexplored locations, and at better 

resolution.     

 

To understand the community structure and abundances of diazotrophs in an environment, 

PCR-based techniques targeting the nitrogenase nifH gene is often applied. Nitrogenase is the 

enzyme responsible for N2-fixation, and nifH is one of the most frequently sequenced of 

microbial functional genes. The number of nifH genes that are available in public databases 

are growing each day and development of primers to detect the gene are increasing in 

parallel. However, due to the high degeneracy of nifH primers, many are capable of 

amplifying paralogous nifH genes that do not function in N2-fixation. This issue is addressed 

in Chapter 1, where we explore the specificity of a primer set that has been previously 

reported to perform well in silico, and tested it on marine plankton samples for the first time. 

The primer was also evaluated for its applicability and accuracy to report on diazotroph 

abundances in next-generation sequencing.   

 

The result of Chapter 1 is further utilized in Chapter 2 and Chapter 3 where the diazotroph 
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community structures in oligotrophic oceans are explored using next-generation sequencing 

of the nifH gene. Both chapters 2 and 3 also aim to provide a fine-scale view of the 

diazotroph community by dissecting the community structure to different size ranges, thereby 

indirectly indicating host-associated and free-living diazotrophs. Chapter 3 uses samples 

obtained from the Malaspina expedition that covered tropical, subtropical and temperate 

oceans between 35°N and 40°S. Chapter 2 specifically looks at diazotroph community 

structure in central Red Sea, and investigates the change in their distribution and abundance 

with season and along the water column. We follow up the study with a basin-wide survey of 

Trichodesmium abundance in Chapter 4. The abundance of Trichodesmium in the whole Red 

Sea was obtained through microscopic cell counts and covered winter and fall. The change in 

Trichodesmium abundance was further assessed through a one-year observation in central 

Red Sea, and the abundance of nifH transcripts was also monitored to indicate presence of 

N2-fixing activities.  
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1.1 ABSTRACT 

PCR amplification of the nitrogenase nifH gene is often performed for evaluating the 

diversity of nitrogen-fixing microorganisms (diazotrophs). PCR using degenerate primers has 

enabled diverse groups of diazotrophs to be detected. Furthermore, universal primers are 

often desirable to generate nifH gene amplicons for surveys of diazotrophic communities in 

different habitats. The performances of universal nifH primers were recently reviewed, and 

highlighted the credibility of the primer set IGK3/DVV for use on environmental and 

cultured diazotrophs in soils. Here we investigated the homology of IGK3/DVV (Ando) 

primer set and the widely-used nifh1-4 (Zehr) primers for use on pelagic marine samples and 

demonstrated, through Illumina high-throughput sequencing methods, that the Ando primer 

set inadvertently amplifies nifH-like gene sequences (>10%) homologous to the 

protochlorophillide reductase gene affiliated to Prochlorococcus instead of bonafide nifH 

genes. The nested PCR method using the Zehr primer set significantly improved the 

specificity of PCR amplification, thereby, remaining as the more accurate approach for 

evaluating diazotroph diversity in pelagic marine samples. 

 

Keywords: nifH amplicon ; nitrogenase; nifH primers; marine pelagic; metabarcoding 
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Nitrogen fixation is a fundamental process that supports the nitrogen requirements of marine 

ecosystems and involve prokaryotes that are able to convert atmospheric nitrogen to 

ammonium using the enzyme nitrogenase. Due to the wide range of phylotypes that are 

known to possess the nitrogenase nifH gene [1], PCR using degenerate primers remains as the 

only appropriate approach for targeting environmental nifH genes. Although degenerate 

primers are useful for targeting most phylotypes within a sample, unrelated sequences are 

also likely to be amplified especially when primer degeneracy is too high [2]. In addition, 

many universal primers have been shown to exhibit biases towards specific phyla [3-5] 

including nifH primers [6-8]. Hence, the use of these primers would not necessarily resolve 

the phylogeny, diversity and abundance of diazotrophs, and extra caution needs to be 

undertaken when working with nifH-associated primers. 

 

To obtain an unskewed view of the diazotroph community, it is critical that PCR 

amplification proceed without major biases. Gaby and Buckley (2012) employed in silico 

PCR approaches to investigate the suitability of both universal and group-specific nifH 

primers, leading to the observation that one-third of the universal primers were able to target 

more than 90% of all known nifH gene sequences. This study also identified the primer set, 

IGK3 and DVV [9], as the best combination to study nifH gene diversity since the primers 

performed well both in silico and when lab-tested on diazotrophic cell cultures and 

environmental soil specimens. In retrospect, a nested PCR approach outlined by Zehr and 

Turner (2001) has often been applied when assessing diazotroph diversity in marine samples. 

The method has also been coupled with high-throughput sequencing (HTS) in the recent 

years [10-12]. Using HTS of soil, plant and estuarine samples, Angel et al (2018) 

demonstrated that the Ando primers were biased towards non-nifH OTUs, but the effect of 

this bias was minimized when the primer concentrations were increased. Although homology 
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of the Zehr primers, nifH1 and nifH3, were analysed in the same study, the analysis was 

limited to in silico testing and the possibility of primer bias towards non-nifH OTUs was not 

resolved. Here we compare the homologies of both the Ando and Zehr primer sets to known 

diazotrophs and paralogs, and evaluate their performance empirically on pelagic marine 

samples.  

 

The homologies of the Ando and Zehr primer sets were evaluated in silico to determine their 

suitability for amplifying nifH genes from pelagic marine diazotrophs. The sequence of each 

primer was aligned against nifH sequences of known Proteobacterial and Cyanobacterial 

diazotrophs, as well as nifH-like sequences of Prochlorococcus sp. MIT 0604, 

protochlorophyllide (ChIL and BchL genes) and chlorophyllide (BchX gene) using the 

Muscle alignment method [13] and the sequence matches and mismatches were examined. 

The performances of both primer sets were further tested in the lab using filtered seawater 

DNA that were obtained from six stations, spread across different oceanic provinces, 

collected during the Malaspina expedition. After DNA extraction, the paired-end libraries 

were prepared and submitted for Illumina high-throughput sequencing, where the richness 

and diversity of diazotroph community captured by both primer sets were evaluated. Full 

details of the sampling, sample processing and bioinformatics analyses are provided in the 

Supplementary Methods.    

 

Our in-silico analysis showed that all forward primers (IGK3, nifH4 and nifH2) have high 

degree of sequence homology to the nifH and nifH-like sequences, but the reverse primers 

(DVV, nifH3 and nifH1) displayed varying homologies to the queried sequences (Figure S1-

S3). The Ando primer DVV showed 40 – 70% matches (Figure S1), while the Zehr primers 
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nifH3 and nifH1 showed a larger range of matches (35 – 77%) (Figure S2, S3) to the queried 

sequences.  

 

Due to the high degree of degeneracy of nifH primers, sequence matches to nifH-like 

sequences that do not function in nitrogen fixation should be expected. However, identifying 

the degree of sequence match is important as it may help us predict the extent of bias towards 

these paralogs that may arise from PCR amplification. Overlooking such biases in diversity 

studies may be misleading and result to an inaccurate assessment of true nitrogen-fixers. In 

the present study, about 50% of the sequences of DVV and nifH3 were found to match the 

nifH-like sequences (Figure S1, S2). Despite the high sequence homology of nifH3 to these 

paralogs, we believe that the PCR bias may be reduced by nifH1 in the second PCR step as it 

has lower sequence matches to the paralogs.  

 

Figure 1. Alpha diversity measures of samples amplified by the Ando (blue) and Zehr 

(orange) primer sets.  

 

The nested PCR approach of Zehr and Turner (2001) was indeed effective in reducing biases 

towards nifH-like sequences as reflected by the higher diversity of diazotroph community 

that it captured (Figure 1, orange). Although more sequencing reads were generated by the 
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Ando primer (>90,000 reads) (Table S1), the richness and diversity of OTUs observed was 

much lower (Figure 1, blue), most likely deflated by the dominance of the nifH-like 

sequences. We also found that OTUs affiliated to each sequenced sample are dependent upon 

the primer set used for amplification (Figure 2, Figure 3, Figure S4). Amplification of 

seawater samples using the Zehr primer set revealed that the diazotroph community in 

stations 13 and 131 are mainly dominated by Trichodesmium sp. and Vibrio diazotrophicus, 

while stations 26, 67 and 82 are dominated by UCYN-A (Figure 3, Figure S5). Sequences 

that were generated by the Ando primers were mostly affiliated to unclassified OTUs (Figure 

3), where ~10% remained uncategorized at both class (Figure S5A) and genus (Figure S5B) 

taxonomic levels. Further analysis of these ‘unknown’ sequences revealed their close 

association to protochlorophyllide reductase and Prochlorococcus sp. MIT 0604 (WP 

042849995.1) (Table S3). Positive amplification of Prochlorococcus-associated nifH-like 

gene in pelagic marine samples can greatly mislead users due to the high similarity and 

abundance of Prochlorococcus sp. and the diazotrophic cyanobacteria Trichodesmium sp.           
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Figure 2. UPGMA dendrogram showing the relationships between samples that were 

amplified using the Ando and Zehr primer sets. Sample labels indicate station name and nifH 

primer set used for amplifying the nifH gene. 
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Figure 3. Clustering of sequenced samples based on the primer set used: Ando (blue); Zehr 

(orange). Sample labels indicate station name and nifH primer set used for amplifying the 

nifH gene. 

 

In conclusion, although the Ando primer set have been successful in amplifying bona fide 

diazotrophs in soils and plants [8, 9, 14], its application in pelagic marine samples seemed to 

be biased towards non-diazotrophs that possess sequences similar to the nifH gene. We 

demonstrated that the use of Zehr and Turner (2001) nested PCR still is the best nifH primer 

set to attain more specific amplification of the nifH gene in pelagic marine samples. Future 

studies may consider expanding on the present results by including homology analyses at the 

translational level, which may help in teasing apart the paralogs. The use of different OTU 

clustering thresholds [15] and nifH-specific bioinformatics pipeline [12] may also be 

considered in the future, as a strategy for eliminating biases from nifH paralogs.  
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The evidence provided here supports the adequacy of the Zehr and Turner (2001) approach to 

accurately identify functional nifH genes and assess the diversity of diazotrophs in nature, 

particularly in marine planktonic communities. This study may serve as a guide for 

researchers seeking universal nifH primers to evaluate nifH gene distributions, particularly in 

pelagic plankton communities.  
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1.4 SUPPLEMENTARY MATERIALS 

1.4.1 Supplementary Methods 

Sampling 

Samples used in this study were obtained during the Malaspina Circumnavigation Expedition 

(December 2010 – July 2011) [1] and details of each sample is summarized in Table S1. Each 

sample involved 12L of seawater collected from 3 m depth from various oceanic regions. The 

seawater samples were first pre-filtered through a 200 μm and a 20 μm mesh to remove large 

plankton and then through a 47 mm diameter 3 μm polycarbonate (Merk Millipore, 

Darmstadt, Germany, Isopore) and 0.2 μm (Merk Millipore, Darmstadt, Germany, Isopore) 

pore size with a peristaltic pump. The filters were then immediately frozen at –80°C after 

filtration and stored until DNA extraction. Rates of nitrogen fixation and the abundance of 

Trichodesmium spp. at each sampling station were measured and reported in Fernandez-

Castro (2015) (Table S1).  

DNA extraction 

Environmental microbial DNA was extracted from all filters using the phenol-chloroform 

method [2]. Briefly, the 47mm 0.2 μm polycarbonate filters were aseptically cut into small 

pieces and placed in individual 2-ml Eppendorf tube (safelock) and filled with 637. 5 μl of 

lysis buffer (40 mM EDTA, 50 mM Tris-HCl, 0.75 M sucrose). A total of 18.75 μl lysozyme 

was added to a final concentration of 1 mg mL–1 and incubated at 37ºC for 45 min. Then, 

18.75 μl of proteinase K (0.2 mg ml 1) and 75 μl SDS 10% were added, and the filter was 

incubated at 55ºC for 1 h. The pooled lysates were then extracted twice using 750 μl phenol-

chloroform-isoamyl alcohol (25:24:1; pH 8) and once with chloroform-isoamyl alcohol 

(24:1). The aqueous phase was washed with sterile water in a microconcentrater (Centricon 
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100; Amicon) and reduced to a volume of 250 μl. Nucleic acid extracts were stored at –20°C 

until further processing.  

PCR amplification, library preparation and sequencing  

To assess the performance of the primers in the pelagic marine samples, nifH gene was 

amplified using: (1) Ando et al. (2010) primer set using a single-round PCR approach, and 

(2) Zehr and McReynolds (1989) and Zani et al. (2000) primer sets using the nested PCR 

approach described by Zehr and Turner (2001). Details of the primer sets are summarized in 

Table S2. 

The PCR products were prepared in triplicate per sample and used to generate Illumina 

paired-end libraries (2 x 250 bp) as described by the manufacture using the Nextera XT kit 

(Illumina, Inc.). Each 25 µL reaction mixture contained 1 μL of DNA template, 2.5 µL 

GoTaq® Flexi buffer (Promega, Madison, WA, USA), 2.25 ul MgCl2, 1,25ul 10 μM of each 

primer, 0.5 µL DNTP’s, 16.25 µL Milli-Q water and 0.125 μL of GoTaq® DNA Polymerase. 

No-template control (mastermix without DNA) was included to check for non-specific 

amplification of the primers. The PCR was run on the PTC-200 DNA Engine Peltier PCR 

Thermocycler (Bio-Rad, Hercules, CA, USA). Using the Ando primer set, the PCR was run 

with the following cycling conditions: 95°C for 15 min, 32 cycles of (95°C for 1 min, 52°C 

for 1 min, and 72°C for 1 min) and a final extension at 72°C for 10 min. Reaction mixtures 

and thermocycling conditions used in the nested PCR (henceforth referred to as ‘Zehr’) were 

set the same as above with 35 and 30 cycles of amplification used for the first and second 

stages of the PCR, respectively. The size of the amplified products (Table S2) were verified 

on a 2% agarose gel run at 100V for approximately 30 min. The triplicate PCR products were 

pooled and subsequently purified using Agencourt Ampure beads (Beckman Coulter, Brea, 

CA, USA), prior to quantification using Qubit dsDNA HS kit (Thermo Scientific, Waltham, 
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MA, USA). Finally, 10 nM of each sample were pooled and sequenced using the Illumina 

MiSeq platform at KAUST's Bioscience Core Lab (BCL) facility (Thuwal, Saudi Arabia). 

Illumina high-throughput sequencing (HTS) analyses 

Raw paired-end sequence reads were quality trimmed and the adaptors removed using 

Trimmomatic v0.36 [3], followed by removal of phiX reads using BBmap v37.44 

(https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbmap-guide/) and error-

corrected using SPADes v3.9.0 [4]. The error-corrected paired reads were merged using 

PandaSeq v2.8 [5] applying default settings but the following parameters for overlap 

selection and scoring: -t 0.32 and -A pear. The resulting fastq files were converted to fasta 

simultaneously generating a group file associating each sequence with a sample using an in-

house perl script. The fasta and groups files were then used as input for MOTHUR v1.3.95 

[6] following the SOP for MiseQ data (https://mothur.org/wiki/MiSeq_SOP), which included: 

(1) discarding sequences shorter than 300 basepairs (bp), with ambiguity and chimeras and 

with homolopolymers longer than 6 bp; (2) aligning the high-quality sequences against a 

curated nifH gene sequence database 

(https://wwwzehr.pmc.ucsc.edu/nifH_Database_Public/) repurposed from Heller et al. 

(2014); (3) classification of the representative OTUs generated at 3% sequence difference 

using the accompanying taxonomy file from Heller et al. (2014); (4) further filtration of the 

representative sequences that do not satisfy the nearest match and length criteria to curated 

NifH proteins based on analyses done in FrameBot 

(http://fungene.cme.msu.edu/FunGenePipeline/framebot/form.spr).   

Richness and diversity estimates    

Diversity of OTUs within and between the samples were analysed using the ‘vegan’ package 

in the program R (http://www.r-project.org/). Richness was estimated using the number of 

https://wwwzehr.pmc.ucsc.edu/nifH_Database_Public/
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observed OTUs and Chao1 index, while diversity was estimated using the ACE index. For 

each sample, both richness and diversity were estimated using a bootstrapped method by 

iterative subsampling (1000 iterations) to minimum read-depth.    



 50 

REFERENCES 

1. Duarte CM (2015) Seafaring in the 21St Century: The Malaspina 2010 
Circumnavigation Expedition. Limnology and Oceanography Bulletin 24:11–14. doi: 
10.1002/lob.10008 

2. Rusch DB, Halpern AL, Sutton G, et al (2007) The Sorcerer II Global Ocean Sampling 
Expedition: Northwest Atlantic through Eastern Tropical Pacific. PLoS Biol 5:e77. doi: 
10.1371/journal.pbio.0050077 

3. Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trimmer for Illumina 
sequence data. Bioinformatics 30:2114–2120. doi: 10.1093/bioinformatics/btu170 

4. Bankevich A, Nurk S, Antipov D, et al (2012) SPAdes: A New Genome Assembly 
Algorithm and Its Applications to Single-Cell Sequencing. Journal of Computational 
Biology 19:455–477. doi: 10.1089/cmb.2012.0021 

5. Masella AP, Bartram AK, Truszkowski JM, et al (2012) PANDAseq: paired-end 
assembler for illumina sequences. BMC Bioinformatics 2012 13:1 13:31. doi: 
10.1186/1471-2105-13-31 

6. Schloss PD, Westcott SL, Ryabin T, et al (2009) Introducing mothur: open-source, 
platform-independent, community-supported software for describing and comparing 
microbial communities. Applied and Environmental Microbiology 75:7537–7541. doi: 
10.1128/AEM.01541-09 

 

 

 

 

 

 

 

 

 

 

 

 



 51 

1.4.2 Supplementary Tables & Figures 

 

Table S1.  Details of samples used in this study. Samples were obtained from the Malaspina 

expedition. Biogeographical province where each station was sampled are: Western Tropical 

Atlantic (WTRA), South Atlantic Gyre (SATL), Australia-Indonesia Coastal (AUSW), South 

Pacific Subtropical Gyre (SPSG) and Caribbean (CARB). Photic layer depth-integrated 

nitrogen (N2) fixation rates and Trichodesmium spp. abundances in the upper 200 m were 

adapted from Fernandez-Castro et al. (2015) (a). Number of reads obtained from samples 

amplified using the Ando et al. primer (b), and the Zehr primer (c) are reported accordingly.  

 

Station Leg Province Latitude Longitude 

N2 
fixation 
rate (µmol 
m-2 d-1) a 

Trichodesmium 
abundance (106 
trchomes m2) a 

No. of 
reads b 

No. of 
reads c 

13 1 WTRA 7.324 -25.996 8.3 55.2 98 219 42 279 
23 1 SATL -15.831 -33.403 43.8 3.8 95 471 39 132 
26 1 SATL -22.955 -36.925 27.9 0.4 93 135 50 471 
67 3 AUSW -31.134 110.207 59.5 0.2 95 239 38 524 
82 5 SPSG -25.490 -179.524 1.6±1.6 0.4 113 225 36 977 
131 7 CARB 17.427 -59.828 4.4 25.0 96 310 27 958 

 
 
Table S2. List of nifH primer sets used in this study 

 

Primer 
name Direction Sequence (5’3’) Positions Amplicon size 

(base pairs) Reference 

IGK3 Forward GCI WTH TAY GGI AAR 
GGI GGI ATH GGI AA 19 - 47 

394 Ando et al. 
(2005) DVV Reverse ATI GCR AAI CCI CCR CAI 

ACI ACR TC 388 - 413 

nifH2 Forward TGY GAY CCN AAR GCN 
GA 115 - 131 

362 
Zehr and 
McReynolds 
(1989) nifH1 Reverse ADN GCC ATC ATY TCN 

CC 406 - 476 

nifH4 Forward TTY TAY GGN AAR GGN 
GG 22 - 38 

473 Zani et al. 
(2000) nifH3 Reverse ATR TTR TTN GCN GCR TA 478 - 494 
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Figure S1. Sequence homology of primers IGK3 and DVV against nifH and nifH-like gene sequences. Sequences highlighted in blue are 
sequences that matched the primer sequence. Sequences highlighted in yellow are sequences that do not match the primer sequence. The primers 
are in a 5’ to 3’ direction.  IUPAC characters used are: W=A or T; H=A, C, or T; Y=C or T; R=A or G; and I= Inosine 
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Figure S2. Sequence homology of primers nifH3 and nifH4 against nifH and nifH-like gene sequences. Sequences highlighted in blue are 
sequences that matched the primer sequence. Sequences highlighted in yellow are sequences that do not match the primer sequence. The primers 
are in a 5’ to 3’ direction.  IUPAC characters used are: W=A or T; H=A, C, or T; Y=C or T; R=A or G; and I= Inosine 
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Figure S3. Sequence homology of nifH1 and nifH2 against nifH and nifH-like gene sequences. Sequences highlighted in blue are sequences that 
matched the primer sequence. Sequences highlighted in yellow are sequences that do not match the primer sequence. The primers are in a 5’ to 
3’ direction.  IUPAC characters used are: W=A or T; H=A, C, or T; Y=C or T; R=A or G; and I= Inosine 
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Figure S4. Non-metric multidimensional scaling (NMDS) plot of diazotroph communities in samples 
amplified by the Ando (blue), and Zehr (orange) primer sets. Scaling was based on Bray-Curtis dissimilarity 
distances. The sample labels indicate the sample/station name, and the nifH primer set used for 
amplification. 
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Figure S5. Relative abundance of diazotroph community at (A) class- and (B) genus taxonomic levels. X-
axis: samples amplified using Ando and Zehr primers respectively; Y-axis: percentage of reads abundance. 
The sample labels indicate the sample/station name, and the nifH primer set used for amplification.
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Table S3. Best BLASTx hits on cultured and uncultured of ‘unknown’ sequences  
 
 

 Best uncultured hit  Best cultured hit 
Sequence 
ID Description Coverage Identity E-value  Description Coverage Identity E-value 

M02112 205 
000000000-
BJ2R8 1 
1101 9684 
1438 76 

Uncultured 
cyanobacterium 
protochlorophyllide 
reductase L subunit 
[AAT77531.1] 

88% 100% 6E-67  

Prochlorococcus sp. 
MIT 0604 
ferredoxin:protochlorop
hyllide reductase (ATP-
dependent) iron-sulfur 
ATP-binding protein 
[WP 042849995.1] 

99% 99% 8E-66 

M02112 205 
000000000-
BJ2R8 1 
1101 9684 
1438 76 

Uncultured 
cyanobacterium 
protochlorophyllide 
reductase L subunit 
[AAT77531.1] 

88% 100% 6E-67  

Prochlorococcus sp. 
MIT 0604 
ferredoxin:protochlorop
hyllide reductase (ATP-
dependent) iron-sulfur 
ATP-binding protein 
[WP 042849995.1] 

99% 99% 8E-66 
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2.1 ABSTRACT 

The Red Sea poses one of the most extreme marine habitats on Earth that has harsh 

climate and very low nutrients levels, making it an oligotrophic system. Based on its 

oligotrophic nature and the frequent association of the Red Sea to Trichodesmium, we 

assumed that nitrogen (N2) fixation is a major source of new nitrogen to the system. 

However, besides Trichodesmium, the identity and ecology of the rest of the 

diazotrophic community are still unknown, particularly in the central Red Sea region. 

Here, we assess the spatial and seasonal diversity of diazotrophs along the water 

column in the central Red Sea using Illumina MiSeq sequencing of the nifH gene that 

encodes for the nitrogenase Fe protein. Using 97% identity cutoff at the nucleotide 

level, we observed 477 operational taxonomic units (OTUs) in both the large- (>5-

µm) and small-sized (0.1-5-µm) fractions, potentially indicating particle-attached and 

free-living diazotrophs respectively. Here, OTUs affiliated with Cyanobacteria and 

Proteobacteria accounted for more than 80% of all sequences in both size fractions. 

OTUs associated with Trichodesmium, UCYN-A and Pseudomonas were the most 

abundant sequence types, and varied seasonally and by water column depth. The 

abundances of Trichodesmium and UCYN-A, in particular, correlated with 

temperature. This is consistent with the ecology of Trichodesmium, which tends to 

inhabit the warm surface waters, while UCYN-A prefers the cooler environments and 

thrives better in subsurface waters. We highlight the importance of measuring N2-

fixation activities in future studies in order to accurately assess the contribution of 

these diazotrophs to the Red Sea nitrogen budget. This study is the first assessment of 

nifH diversity in the central and southern Red Sea.  

 

KEYWORDS: Red Sea; nitrogen-fixation; nifH-metabarcoding 
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2.2 INTRODUCTION 

In much of the global oceans, about 70% consists of nutrient-depleted, oligotrophic 

habitats that extend across the subtropical and tropical oceans (Duarte et al., 2013) 

where nitrogen limitation prevails (Moore et al., 2013). Nitrogen availability often 

limits productivity (Gruber, 2004) and its supply in oceans are largely controlled by a 

balance between N2 fixation (N gain) and denitrification (N loss). An imbalance 

between the two processes has been proposed (Gruber and Sarmiento, 1997; 

Codispoti, 2007), where underestimation of N2 fixation being one of the reasons for 

the imbalance of nitrogen stock (Naqvi et al., 1986). The uncertainties in the ocean 

nitrogen budget thereby drove great interest in identifying N2-fixers (diazotrophs) and 

quantifying N2 fixation in the open oceans, especially in oligotrophic regions.  

 

N2 fixation is an energy demanding process catalyzed by the enzyme nitrogenase, 

which reduces N2 gas to ammonium. Nitrogenase is found in a diverse range of 

species within the domains Bacteria and Archaea (Santos et al., 2012), and in 

symbiotic interactions between these species with eukaryotic plants and animals 

(Gordon et al., 1994; Kneip et al., 2007; Geurts et al., 2016). Although the non-

heterocystous cyanobacteria, Trichodesmium, is commonly regarded as the primary 

diazotroph in oceans, more recent evidences also suggest significant involvements of 

unicellular cyanobacteria (Zehr et al., 2001; Moisander et al., 2010b; 2010a; 

Martínez-Pérez et al., 2016; Zehr et al., 2016; Farnelid et al., 2016; Turk Kubo et al., 

2017; Ribeiro et al., 2018) and non-cyanobacterial species (Farnelid et al., 2011; 

Shiozaki et al., 2014; Benavides et al., 2016; Bombar et al., 2016; Delmont et al., 

2017; Moisander et al., 2017).  
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Trichodesmium was first described in the Red Sea in the 1800s (Ehrenberg, 1830), 

where its reddish coloration was thought to have led to its name. The Red Sea is 

located in a semi-arid region, which does not receive large freshwater inputs and has a 

restricted connection to the Indian Ocean, thereby driving gradients of decreasing 

nutrient concentrations, chlorophyll-a and increasing salinity (Raitsos et al., 2013) 

along its south-to-north axis (Edwards, 1987). In addition to restricted nutrient inputs 

from land and the Indian ocean, the Red Sea is permanently stratified (Cember, 1988), 

which, together with its narrow shape that restricted wave action, leads to limited 

nutrient supply from vertical mixing. Hence, N2 fixation is likely to be the primary 

source of new nitrogen to the Red Sea pelagic ecosystem.    

 

Assessments of N2 fixation in the Red Sea are limited to studies in the Gulf of Aqaba, 

northern Red Sea (Foster et al., 2009; Post et al., 2002; Rahav et al., 2015). Although 

Trichodesmium has often been associated to the system, the rest of the community of 

diazotrophs has not yet been fully described for other Red Sea regions besides the 

north. Molecular biology provided new tools, specifically the polymerase chain 

reaction (PCR), that did not require cultivation or microscopy to identify diazotrophs 

in the environment (Zehr and McReynolds, 1989; Paerl et al., 1991). Sequencing of 

PCR-amplified nitrogenase nifH gene fragments was used to answer question of 

whether there were marine diazotrophs other than Trichodesmium. As the range of 

marine diazotrophs rapidly expands with the increase in nifH gene sequences in the 

database, the search for the elusive N2-fixers needs to continue. Here we provide a 

description of the diazotrophic community structure of the Red Sea (Foster et al., 

2009; Post et al., 2002; Rahav et al., 2015) in the central and southern regions by 

conducting nifH-metabarcoding on size-fractionated seawater samples obtained from 
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the Red Sea open waters, and we describe the patterns observed in the diazotroph 

community structure along seasons and space.  

 

2.3 METHODS 

2.3.1 Sampling sites and in situ measurements 

Hydrographic observations and seawater sampling were carried out during the Red 

Sea Nutrient Cycling cruises on board KAUST R/V Thuwal and covered the transect 

between 16.6 – 24 °N and 37 – 41.2 °E (Figure ). The sampling was conducted in fall 

(21 – 28 October 2014), spring (3 – 9 April 2015), winter (21 – 23 January 2016) and 

summer (25 – 27 August 2016). Due to weather constraints, the number of stations 

that were covered in each cruise varied. Hence, we demarcated a total of eight stations 

based on the latitudes covered by the cruises (Table S1).  

 

Vertical profiles of temperature, salinity, oxygen and fluorescence were obtained 

using a SBE 9 (SeaBird Electronics) Conductivity-Temperature-Depth (CTD) probe 

along the upper 200-m of each sampling station. Discrete seawater samples for 

determining nutrient concentrations and for diazotroph diversity (DNA extractions) 

were collected using a rosette system equipped with 10 L Niskin bottles at four depths 

within the upper 200 m of the water column. The four depths corresponded to 0.1%, 

1%, 10% and 50% photosynthetically active radiation (PAR) levels and are generally 

10, 50, DCM (~60-110 m) and 160 m respectively (Table S3). The euphotic layer 

depth, Zeu, defined as the depth where PAR is reduced to 1% of its surface value was 

computed using in situ chlorophyll a concentration profiles according to the model 

developed by Morel and Maritorena (2001).   
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Figure 1. Map depicting the sampling locations and season when samplings were 

performed. 
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2.3.2 Physicochemical characteristics  

To determine the concentrations of nitrate (NO3
-), nitrite (NO2

-), phosphate (PO4
3-) 

and silicate (SiO2) 100 mL seawater samples were collected, filtered through a 0.2-μm 

filter, and then frozen and stored at -80°C prior to laboratory analysis. The 

concentrations of nitrate (NO3, detection limit 0.1 μM), nitrite (NO2, detection limit 

0.05-μM), phosphate (PO4, detection limit 0.1-μM) and silicate (SiO2, detection limit 

0.2-μM) were determined at the KAUST Analytical corelab using a flow analysis 

technique with SEAL AutoAnalyser 3 HR (Seal Analytical, USA).  

 

2.3.3 DNA collection and extraction 

To determine the diversity of diazotrophs, between 10 – 20 L of seawater was gently 

filtered through a series of two 293-mm mixed cellulose esters filters (EMD 

Millipore, Billerica, MA, USA) of pore sizes: 5.0 and 0.1-μm, henceforth referred to 

as ‘large-’ (retained in 5.0 µm filter) and ‘small-’ (retained in the 0.1 µm filter) sized 

fractions, respectively. Following filtration, the filters were immediately frozen and 

stored at -80°C until DNA was extracted. 

 

Community DNA was extracted from all filters using a phenol-chloroform method 

(Rusch et al. 2007). Briefly, the filters were aseptically cut into small pieces and 

placed in individual 50-ml Falcon™ tubes. Lysozyme was added to a final 

concentration of 1 mg/mL until the filter pieces were completely covered, and the 

tubes were incubated at 37°C for 30 min in a shaking water bath. SDS (final 

concentration of 1%) and Proteinase K (final concentration of 20 U/mL) was added 

next, and the samples were incubated again at 55 °C for 2 h with gentle agitation. To 

remove enzyme inhibitors, the samples were treated with CTAB/NaCl solution (10% 
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CTAB in 0.7 M NaCl) and incubated at 65°C for 10 min. This is followed by 

extractions with phenol/chloroform/isoamyl alcohol (25:24:1) and then with 

chloroform/isoamyl alcohol (24:1). To further purify the DNA from traces of phenol, 

the samples were passed through an Amicon® Ultra-4 centrifugal filter unit (EMD 

Millipore, Billerica, MA, USA) and washed with 10 mM Tris-HCl (pH 8) three times. 

Finally, the DNA was recovered from the filter unit and stored at -80°C until further 

processing.  DNA yields are summarized in Table S2.  

 

2.3.4 Amplification of nifH gene and sequencing 

A nested PCR protocol was used to amplify an ~359 bp region of the nitrogenase nifH 

gene, using degenerate primers: nifH3, nifH4, nifH1 and nifH2 (Zehr and 

McReynolds, 1989; Zani et al., 2000; Zehr and Turner, 2001). Equal volumes of 

DNA were used as template (2 μL) in the first stage of the reaction that uses primers 

nifH3 (5’ TTYTAYGGNAARGGNGG 3’) and nifH4 (5’ ATRTTRTTNGCNGCRTA 

3’), and 1 μL of amplified product from the first stage was used as template in the 

second stage of the reaction that uses primers nifH1 (5’ TGYGAYCCNAARGCNGA 

3’) and nifH2 (5’ADNGCCATCATYTCNCC 3’). The reactions were carried out in 

triplicates of 10 μL volumes, and contained DNA template, QIAGEN® Multiplex 

PCR MasterMix and 10 μM of each primer. The PCR was run with the following 

cycling conditions: 95 °C for 15 min, 35 cycles of (94 °C for 1 min, 52 °C for 1 min, 

and 72 °C for 1 min) and a final extension at 72 °C for 7 min. 30 cycles of 

amplification was performed during the second stage. The nifH amplicons were 

subjected to 2 x 300 bp paired-end Illumina MiSeq platform at the KAUST 

Bioscience corelab facility (Thuwal, Saudi Arabia), following an additional 10 PCR 
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cycles with custom barcoded nifH1 and nifH2 primers under the same PCR 

conditions (Farnelid et al., 2013; Messer et al., 2015; 2016).    

 

2.3.5 Amplicon sequence analysis 

Raw paired-end sequence reads were quality trimmed and the adaptors removed using 

Trimmomatic v0.36 (Bolger et al., 2014), followed by removal of phiX reads using 

BBmap v37.44 (http://jgi.de.gov/data-and-tools/bbtools/) and error-corrected using 

SPADes v3.9.0 (Bankevich et al., 2012). The error-corrected paired reads were 

merged using PandaSeq vXX (Masella et al., 2012) applying default settings but the 

following parameters for overlap selection and scoring: -t 0.32 and -A pear. The 

resulting fastq files were converted to fasta simultaneously generating a group file 

associating each sequence with a sample using an in-house perl script. The fasta and 

groups files were then used as input for MOTHUR v1.3.95 (Schloss et al., 2009) 

following the SOP for MiseQ data (https://mothur.org/wiki/MiSeq_SOP), which 

included: (1) discarding sequences shorter than 300 basepairs (bp), with ambiguity 

and chimeras and with homolopolymers longer than 6 bp; (2) aligning the high-

quality sequences against a curated nifH sequence database 

(https://wwwzehr.pmc.ucsc.edu/nifH_Database_Public/) repurposed from Heller et al. 

(2014); (3) classification of the representative OTUs generated at 3% sequence 

difference using the accompanying taxonomy file from Heller et al. (2014); (4) 

further filtration of the representative sequences that do not satisfy the nearest match 

and length criteria to curated NifH proteins based on analyses done in FrameBot 

(http://fungene.cme.msu.edu/FunGenePipeline/framebot/form.spr).   

 

http://jgi.de.gov/data-and-tools/bbtools/
https://wwwzehr.pmc.ucsc.edu/nifH_Database_Public/
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2.3.6 Diversity assessment and statistical analyses 

Rarefraction and rank abundance plots were generated using the ‘vegan’ package in 

the program R (http://www.r-project.org/). Measures of alpha diversity using the 

Chao1 and inverse Simpson indices were calculated using the ‘phyloseq’ package, 

also in R. Significant differences in community structure between the sizes, seasons 

and depths were tested using a one-way ANOSIM in R. Analysis using non-

parametric Spearman correlation was performed in Graphpad Prism version 7c. Venn 

Diagrams to illustrate the rare and shared OTUs were generated using the online tool 

available at: http://bioinformatics.psb.ugent.be/webtools/Venn/.  

 

2.4 RESULTS 

2.4.1 Physicochemical dynamics of central Red Sea 

Temperature and salinity followed a strong latitudinal gradient across all seasons 

(Spearman’s test; r=-0.87, p=<0.0001, Table S3, Fig. S1-S5), consistent with previous 

reports (Sofianos and Johns, 2007; Yao et al., 2014b; 2014a; Raitsos et al., 2013). 

Surface (10 m) seawater temperature was higher in the north-central stations during 

summer and fall, while the south-central stations were warmer in winter and spring. 

Along the water column, temperature ranged between 22 – 32 °C, and temperature at 

the base of the photic zone (~160 m) was constant at ~22 °C throughout the seasons. 

Salinity ranged between 39 – 40 psu along the water column and across seasons 

(Table S3, Fig. S1-S5).  

 

Surface chlorophyll concentrations ranged between 0.1 and 0.6 μg L-1, with ~0.1 μg 

L-1in spring across all of the stations sampled. During the course of the cruises, 
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maximum chlorophyll concentrations typically occur at depths between 60 – 100 m, 

where concentration is approximately 1 μg L-1. 

 

Concentrations of NO3, PO4 and SiO2 were positively correlated across seasons 

(Figure S5). The concentrations of NO3, PO4 and SiO2 increases with depth, and 

ranged between 0 – 13 μM N, 0 – 0.8 μM P, and 0 – 7 μM Si, respectively. 

Interestingly, the concentrations of NO3, PO4 and SiO2 were significantly greater at 

depths below 100 m during spring. Surge in nutrients may have consequences on the 

structure of diazotrophic community at the base of the photic zone during the season.  

 

2.4.2 Sequencing information and overall diversity estimates 

A total of 23,004,112 nifH sequences (n=103) were obtained after initial quality check 

and assembly. The sequences were then subsampled to 108,929 sequences per 

sample, and our rarefaction analyses shows that the sequencing effort was sufficient 

to fully assess nifH diversity from most samples at the sampling depth applied (Figure 

S6). Representative sequences from each operational taxonomic unit (OTU) that 

contained more than 10 sequences in the rarefied dataset (25 taxa; Figure 5) were 

retained and used for all downstream analyses.  

 

Rank abundance analyses show that the Red Sea diazotroph community is rather 

uneven, with a few OTUs dominating the community (Figure 2 – 4). All OTUs 

clustered with nifH sequences from Clades I and III (Figure 5), and most were 

associated with alpha-, beta- and gammaproteobacteria, as well as cyanobacteria. Of 

the 25 taxa that were identified in our rarefied dataset, three nifH-containing OTUs 

were dominant across the dataset, comprising 79% of the total nifH DNA sequences 
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retrieved. These included OTU1, which was 100% identical in nifH nucleotide 

composition to Candidatus Atelocyanobacterium thalassa (UCYN-A) , OTU2, which 

was 100% identical in nucleotide composition to Trichodesmium erythreaum, and 

OTU10, which shared 94% similarity in nucleotide composition to the 

gammaproteobacteria, Pseudomonas stutzeri, and clustered within the γ-24774A11 

clade (Moisander et al., 2008; 2014). Although NMDS analysis showed no clear 

clustering (Stress=0.20) (results not shown), the diazotroph community structure 

differed between the small- and large- sized fractions (Global ANOSIM, R=0.15, 

P=0.001); among seasons (Global ANOSIM, R=0.287, P=0.001); and with depth 

(Global ANOSIM, R=0.109, P=0.001).  
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Figure 2. Rank-abundance curve (left panel), plot of diversity estimates (middle panel) and Venn Diagram of shared and unique OTUs based on 

size fractions. Solid and dotted lines on rank-abundance plot indicate OTUs representing 50- and 90% of total sequences respectively. 
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Figure 3. Rank-abundance curve (left panel), plot of diversity estimates (middle panel) and Venn Diagram of shared and unique OTUs based on 

season. Solid and dotted lines on rank-abundance plot indicate OTUs representing 50- and 90% of total sequences respectively. 
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Figure 4. Rank-abundance curve (left panel), plot of diversity estimates (middle panel) and Venn Diagram of shared and unique OTUs based on 

depth. Solid and dotted lines on rank-abundance plot indicate OTUs representing 50- and 90% of total sequences respectively. 
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Figure 5. Neighbour-joining phylogenetic tree derived from nifH sequences from the 

Red Sea. Representative sequences from each operational taxonomic unit (OTU) 

containing >10 sequences in the rarefied dataset (25 OTUs) are displayed on the tree. 

Bootstrap values (1000 replicates) of >50% are represented in the tree with size-

proportional blue circles. The taxonomic affiliations of OTUs with canonical nifH 

clades (Zehr et al., 2003) are colour-coded accordingly. Abundances of OTU in 
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samples are summarized in Supplementary Figure S7. Tree was produced using the 

Interactive Tree of Life (http://itol.embl.de/, (Letunic and Bork, 2016) ).  

 

2.4.3 Diazotroph community structure in the small- and large-sized fractions 

Diversity of OTUs within the small and large-sized fractions were similar. Rank 

abundance analyses and alpha diversity estimates using Chao1 and Simpson’s 

measures of diversity showed that richness and evenness within the samples were 

comparable (Figure 2). 

 

Using the subsampled dataset, 289 OTUs were found to be associated with the small-

sized fraction while 301 OTUs were found in the large-sized fraction. Of these, 143 

OTUs were common between the two size fractions (Figure 2). The top 10 OTUs 

(>87% of nifH sequences) that are associated with each size fractions are also 

summarized in Figure 6.  Large, often particle-associated diazotrophs including 

Crocosphaera (OTU17), Novosphingobium (OTU211), and Richelia (OTU75) were 

identified to be associated with OTUs derived from the large-sized fraction (Table 

S4).  The small-sized fraction, on the other hand, are found to contain sequences of 

free-living diazotrophs that are affiliated to Verrucomicrobiae (OTU6), 

Rhodopseudomonas (OTU3) and Myxosarcina (OTU7) (Table S4).   

 

Sequences that are affiliated to Trichodesmium (OTU2) composed more than 30% of 

the total sequences in both the small- and large-sized fractions (Figure 6, Table S4). 

OTU1, which was 100% identical to UCYN-A, represents 38% of nifH sequences in 

the small-sized fraction, and 15% of sequences in the large-sized fraction. OTU31, 

also affiliated to UCYN-A, however is unique to the large-sized fraction and 

http://itol.embl.de/
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composed of 1.5% of the sequences. In addition to OTU2 and OTU1, sequences 

affiliated to Pseudomonas (OTU10) and Desulfovibrio (OTU9) are also common 

between the two size fractions.  

 

Figure 6. Ten most abundant OTUs (based on sequence abundance) that are 

associated with the small- and large-sized fractions in the normalized dataset. In the 

Venn Diagram, values in parentheses to each OTU ID represents relative abundances. 

Closest cultured representatives that share >90% nucleotide identity is indicated in 

parentheses to each OTU ID in the bar plot. 
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2.4.4 Seasonal variations in diazotroph community structure 

 

Figure 7. Ten most abundant OTUs (based on sequence abundance) that are 

associated with the different seasons in the normalized dataset. In the Venn Diagram, 

values in parentheses to each OTU ID represents relative abundances. Closest 
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cultured representatives that share >90% nucleotide identity is indicated in 

parentheses to each OTU ID in the bar plot. Seasons are also indicated by: S(spring); 

W(winter); F(fall); and SM(summer). 

 

Diversity across the seasons are similar, except for fall (Figure 3), where OTU 

richness is deflated due to its smaller sample size (only surface samples obtained). Of 

the 447 OTUs that were identified in the dataset, 38 OTUs were found to be present 

across all seasons.  

 

UCYN-A (OTU1), Trichodesmium sp. (OTU2) and Pseudomonas sp. (OTU10) 

composed of majority of sequences throughout the seasons (Figure 7, Table S4). 

Trichodesmium (OTU2) dominated both the small- and large- sized fractions in fall, 

while UCYN-A (OTU1) dominated the small-sized fraction in both spring and winter. 

During these seasons, the relative abundance of UCYN-A (OTU1) is equivalent to the 

abundance of Trichodesmium (OTU2) in the large-sized fraction. Interestingly, in fall, 

UCYN-A (OTU1) is almost absent (< 1% abundance) in both size fractions. In 

addition to the aforementioned taxa, OTU 596 that is affiliated to Pseudomonas is 

also permanently present in the system all year round.   

 

A large number of unique OTUs was found in both winter and summer (Figure 3). 

When the top 10 unique OTUs associated with these seasons were analyzed, the 

unique OTUs found in winter were identified to be Cyanothece (OTU5), Myxosarcina 

(OTU7, OTU35), Leptolyngbya (OTU16) and Desulfobulbus (OTU29), while unique 

OTUs found in summer were identified to be Pseudomonas (OTU8), 
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Verrucomicrobiae (OTU6), Crocosphaera (OTU17), Marispirochaeta (OTU20), and 

Bradyrhizobium (OTU14) (Figure 7, Table S4).   
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Figure 8. Relative abundance of nifH OTUs at the surface (~10 m) (a) across seasons, 

and (b) along stations. Closest cultured representatives that share >90% nucleotide 

identity is indicated in parentheses to each OTU ID.    
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Given that only surface samples were collected in fall, the distribution of nifH-

containing OTUs were also compared between the surface samples only. The same 

seasonal pattern was observed, where Trichodesmium (OTU2) dominated, with >90% 

of the sequences, in fall, while UCYN-A (OTU1) was more abundant in spring and 

winter (Figure 8a). In summer, UCYN-A (OTU2) sequences were not detected, but 

the diazotroph community was dominated by both Trichodesmium (OTU2) and 

Pseudomonas (OTU10).  

 

Trichodesmium (OTU2) are generally present throughout the surface of the Red Sea. 

It typically dominates half of the OTU sequences in the large-sized fraction, and is 

particularly abundant at 22°N (Figure 8b).  Abundance of UCYN-A (OTU1) in the 

small-sized fraction was generally found to increase with latitude (Figure 8b, Table 

1). In both size fractions, UCYN-A (OTU1) was undetected in the southern-most 

station, while the highest number of UCYN-A (OTU1) sequences were detected in the 

northern-most station.    
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2.4.5 Depth distributions of diazotroph community 

 

Figure 9. Ten most abundant OTUs (based on sequence abundance) that are 

associated with the different depths in the rarefied dataset. In the Venn Diagram, 

values in parentheses to each OTU ID represents relative abundances. Closest 
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cultured representatives that share >90% nucleotide identity are indicated in 

parentheses to each OTU ID in the bar plot. 

 

Diversity was similar along the sampled depths (Figure 4). A total of 75 OTUs were 

shared between the depths. Similar to our previous observation, the top most abundant 

OTUs that are shared across all depths are OTU1, OTU2, OTU10 and OTU596. 

Between the sampled depths, most unique OTUs were found in the 160-m samples, 

while the least number of unique OTUs were found in the 50-m samples. Unique 

OTUs that were found at 160-m includes OTU3, OTU7, OTU11, and OTU211, which 

are affiliated to Rhodopseudomonas, Myxosarcina, Methylococcaceae, and 

Novosphingobium respectively (Table S4).  

 

In both the small- and large-sized fractions, the abundance of Trichodesmium (OTU2) 

decreases with depth, but increases again below the chlorophyll maxima (Figure 9). 

On the contrary, the abundance of UCYN-A (OTU1) increases with depth, but 

decreases at 160-m. Pseudomonas (OTU10) is also present in both size fractions and 

across all depths. Pseudomonas (OTU10) is largely present in the large-sized fraction 

and is most dominant at 160-m.  
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2.4.6 Potential drivers of diazotroph populations 

Table 1. Relationships between the abundances of OTU2, OTU1 and OTU10, with 

physicochemical measurements. Values are reported as non-parametric Spearman 

correlation coefficient (R) and values in parentheses corresponds to P-values. 

Statistically significant relationships (P≤ 0.05) are highlighted in bold.   

 OTU 2 
(Trichodesmium) 

OTU 1 
(UCYN-A) 

OTU 10 
(Pseudomonas) 

Latitude (°N) -0.16 (0.11) 0.46 (<0.0001) -0.16 (0.11) 

Depth (metres) 0.22 (0.03) 0.07 (0.50) 0.04 (0.72) 

Season 0.18 (0.07) -0.11 (0.27) 0.10 (0.32) 

Size fraction 0.24 (0.02) -0.25 (0.01) 0.41 (<0.0001) 

Salinity (psu) -0.18 (0.06) 0.10 (0.29) -0.09 (0.38) 

Temperature (°C) 0.29 (<0.0001) -0.25 (0.01) 0.11 (0.27) 

Chlorophyll-a (µg/L) -0.25 (0.01) 0.11 (0.28) 0.07 (0.51) 

pH -0.02 (0.84) 0.13 (0.21) -0.19 (0.06) 

O2 (mg L-1) -0.10 (0.30) -0.12 (0.24) 0.10 (0.32) 

NO3
- (µM) -0.22 (0.03) 0.04 (0.70) -0.04 (0.71) 

NO2
- (µM) 0.01 (0.92) -0.34 (<0.0001) 0.16 (0.11) 

PO4
+ (µM) -0.17 (0.08) -0.10 (0.32) -0.07 (0.47) 

SiO2 (µM) 0.01 (0.94) -0.09 (0.36) 0.08 (0.42) 

NO3
- + NO2

- (µM) -0.19 (0.05) -0.03 (0.78) -0.01 (0.94) 

OTU 2 
(Trichodesmium) - -0.57 (<0.0001) 0 (0.96) 

OTU 1 (UCYN-A) -0.57 (<0.0001) - -0.14 (0.17) 

OTU 10 
(Pseudomonas) 0 (0.96) -0.14 (0.17) - 

 

The abundances of Trichodesmium, UCYN-A and Pseudomonas were evaluated 

against environmental conditions that were measured during the time of sampling 
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using Spearman correlation test (Table 1). The abundance of Trichodesmium was 

found to be positively correlated to temperature, but negatively correlated to NO3. 

Our analysis also showed that the abundances of Trichodesmium and UCYN-A also 

have contrasting response in relation to temperature. This could have contributed to 

the negative correlation in the abundances of both these taxa.  

 

The abundances of UCYN-A and Pseudomonas however, was found to exhibit 

opposing latitudinal trends (Table 1) with UCYN-A abundance increasing toward the 

north, while Pseudomonas increased toward the southern Red Sea. Based on the 

relationship between the abundances of Trichodesmium, UCYN-A, and 

Pseudomonas, with size fractions, it is affirmed that Trichodesmium and 

Pseudomonas highly likely reside within the same size class, different from that of 

UCYN-A. No correlations were found between nutrient concentrations and the 

abundances of UCYN-A and Pseudomonas, except for NO2, which correlate 

negatively with UCYN-A abundance.  

 

2.5 DISCUSSION 

Identifying nitrogen-fixers in a system is the key to understanding the organisms that 

are responsible for producing new biologically available nitrogen in an ecosystem. 

Although Trichodesmium have often been associated to the Red Sea due to its 

significant reddish coloration during blooms events, the composition of the rest of 

Red Sea’s diazotrophic community, especially in regions other than north, has not 

been described. Here we provide the first detailed characterization of the central Red 

Sea diazotroph community and how they partition their niches, based on their 
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distribution along seasons, latitude and depth, and the corresponding associations with 

environmental factors.  

 

The central Red Sea diazotrophs is a community of 447 OTUs, of which is dominated 

by only a few taxa, comprising of the non-heterocystous cyanobacteria 

Trichodesmium, unicellular cyanobacterium UCYN-A, and heterotrophic 

gammaproteobacteria closely related to Pseudomonas stutzeri. The nifH gene 

sequences affiliating to these organisms are ubiquitous, comprising, in concert, 67.5% 

of the abundance (estimated as number of nifH sequences in our sequencing set) of 

diazotrophs, and are present permanently in the open waters of central Red Sea 

throughout the season and along the upper water column. 

 

Despite their ubiquity, the abundances of these diazotrophs varies with season and 

depth, and between the sampled stations. Temperature potentially influence the 

abundance and thereby distribution of sequences associated to both Trichodesmium 

and UCYN-A. In warmer months such as in fall and summer, Trichodesmium-

associated sequences dominate more than half of the surface water of the central Red 

Sea. Besides temperature, the availability of NO3
- in the system was also seen to 

influence the frequency of sequences relating to Trichodesmium, but not on UCYN-A 

and P. stutzeri.  

 

As temperature declines in spring and winter, the abundance of nifH sequences 

affiliating to Trichodesmium tends to decrease and taken over by UCYN-A. Due to 

the higher abundance of UCYN-A-affiliated nifH genes in the subsurface waters, we 

deduced UCYN-A to be more depth-adapted and potentially possess lower 
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temperature optima than Trichodesmium. Such adaptation of UCYN-A to temperature 

and depth was also confirmed in UCYN-A populations in the South Pacific 

(Moisander et al., 2010a). The difference in depth distributions of UCYN-A and 

Trichodesmium may also indicate that they are adapted to different light intensities, 

similar to the high-light and low-light ecotypes of the non-diazotrophic 

cyanobacterium Prochlorococcus. We therefore assume that the low abundance of 

UCYN-A-associated sequences in both fall and summer is a result of this adaptation 

strategy, and it is highly likely that UCYN-A occupies the subsurface waters, rather 

than the surface, thus leading to the low abundance that was observed during these 

warmer months. Unfortunately, the present study is limited by the shortage of fall 

samples from depths below the surface. Nonetheless, a similar increase in UCYN-A 

population in the cooler seasons has been reported elsewhere (Messer et al., 2016).  

 

Fluctuations in the UCYN-A-associated sequences may perhaps be explained by 

changes in the Red Sea algal population (Kürten et al., 2015). UCYN-A is known to 

establish mutualistic relation with eukaryotic alga in the Prymnesiophyte group 

(Thompson et al., 2012). The relationship, which is based on the exchange of carbon 

and nitrogen, involves two different cell-sized prymnesiophyte partners: the 

unicellular alga Braarudosphaera bigelowii (7 – 10µm) (Hagino et al., 2013; 

Thompson et al., 2014) and an uncultured closely-related prymnesiophyte (1 – 3µm) 

(Thompson et al., 2012; Krupke et al., 2013). Several clades of UCYN-A has been 

identified based on phylogenetic analyses: UCYN-A1, UCYN-A2 and UCYN-A3, 

UCYN-A4, UCYN-A5, UCYN-A6, UCYN-B and UCYN-C (Thompson et al., 2014; 

Goebel et al., 2010; Farnelid et al., 2016; Turk Kubo et al., 2017). Of these clades, it 

has been shown that the distribution of UCYN-A1 and UCYN-A2 are attributed by 
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partner fidelity and the difference in cell size of their prymnesiophyte partners 

(Cornejo-Castillo et al., 2016). Due to the association of UCYN-A1 to the smaller, 

uncultured prymnesiophyte, they are expected to be typically found in the small-sized 

fraction (< 5µm). Conversely, the close association of UCYN-A2 to B. bigelow 

implies that they would be contained in the larger size fraction (> 5µm). In the present 

study, more UCYN-A-associated sequences were detected in the small-sized fraction 

samples, thereby implying the dominance of UCYN-A1 over UCYN-A2 in the Red 

Sea. Dominance of the smaller subtype of UCYN-A could also be a strategy for 

surviving (r-strategist) in a highly oligotrophic environment like the Red Sea, where 

large- celled species are unlikely to support significant growth rates or population 

density.  

 

Diatom-diazotroph associations are also known to exist in oligotrophic waters, with 

the capacity to form episodic blooms that exhibit high rates of carbon and N2 fixation 

worldwide (Alldredge and Silver, 1982; MARTÍNEZ et al., 1983). Although diatoms 

like Rhizosolenia sp. and Hemiaulus sp. have been found in high abundance in the 

Red Sea (Kürten et al., 2015), nifH sequences associated to its N2-fixing partner, 

Richelia intracellularis, comprised of only a minor portion (2.6%) of sequences in the 

large-sized fraction of our data.   

 

Besides cyanobacteria, N2-fixing heterotrophic organisms affiliating to alpha-, beta-, 

gamma- and deltaproteobacteria have also been found to be widespread in marine 

waters, although their ecological significance is not yet known (Farnelid et al., 2011; 

Bombar et al., 2016; Moisander et al., 2017). Gammaproteobacterial sequences 

clustering with UMB group (Farnelid et al., 2011) and Pseudomonas (Foster et al., 
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2009) has been reported. In northern Red Sea, Trichodesmium and 

gammaproteobacteria exhibited high abundance in fall, accounting for 1.4 X 105 and 

2.3 X 102 nifH gene copies L-1 respectively (Foster et al., 2009). The nifH gene 

sequences associated to Pseudomonas was more prevalent at depths below the surface 

in the present study, and was more abundant in the southern Red Sea stations. 

Although host-diazotroph associations have not been linked to Pseudomonas/ 

Gammaproteobacteria, Pseudomonas-associated sequences tended to dominate the 

sequences in the large-sized fraction of our data. Despite previous report on its 

absence during spring (Foster et al., 2009), the present study found more than 20% of 

Pseudomonas-associated nifH sequences in the large-sized fraction during the same 

season. While it is probable that these nifH sequences could not have been related to 

Pseudomonas afterall, the presence of gammaproteobacteria in biolfilms and marine 

snow should also be taken into consideration, which thereby could have resulted to 

the abundance observed in the large-sized fraction samples.  

 

Due to the high sequence similarity of the nifH gene sequence of OTU 10 to P. 

stutzeri, we assume that the abundance of P. stutzeri-associated sequences in the 

large-sized fraction is an indicator of growth and active N2 fixation by the organism. 

This is because formation of cell aggregates was observed in the isolate, P. stutzeri 

BAL361, when N2 fixation rate was found to be fairly high (Bentzon-Tilia et al., 

2015). Furthermore, P. stutzeri are metabolically versatile and could sustain growth 

by N2 fixation in the absence of reactive nitrogen. Despite these hypotheses, it should 

also be noted that there is still little evidence on the contributions of heterotrophic N2 

fixation to oceanic N2 fixation rates (Kubo et al., 2014). The roles and contributions 

of non-cyanobacterial diazotrophs remains to be discussed.  
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Although the composition of nifH amplicons may occasionally be similar to the 

relative abundance of nifH phylotypes as quantified by qPCR (Langlois et al., 2008), 

large deviations for single phylotypes have also been observed (Turk et al., 2011). 

Therefore, future studies to further understand Red Sea diazotrophs should 

incorporate quantification of taxa via qPCR, namely targeting Trichodesmium, 

UCYN-A and the gammaproteobacterial populations, in order to validate the 

sequence abundance data. Molecular analysis of nifH gene transcripts may also be 

included, as well as measurements of whole-community and cell-specific N2 fixation 

rates of diazotrophs, in order to accurately assess the extent of N2 fixation activity in 

the system. These information, in concert, may help shed light into the contributions 

of N2 fixation to Red Sea and global nitrogen budget, and improve our understanding 

of how future climate change scenarios, as simulated by the Red Sea conditions, could 

affect diazotroph community structure in future oceans.      

 

2.6 CONCLUSION 

Here we characterize the community of diazotrophs in the Red Sea, dominated by 

Trichodesmium, UCYN-A and Pseudomonas. We also found indications of niche 

segregation among these dominant Red Sea diazotrophs, as reflected in contrasting 

relationships with temperature, and peak occurrence in difference depths and seasons. 

Trichodesmium tends to inhabit the warm surface waters, while UCYN-A dominates 

the community of diazotrophs in cooler seasons and the Red Sea subsurface waters. 

Although the roles and contribution of heterotrophic diazotrophs remains to be 

discovered, we submit that the prevalence of Pseudomonas in the large-sized fraction 

could be an indication of active nitrogen fixation by the species.  
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2.9 SUPPLEMENTARY MATERIALS 

Supplementary materials are temporarily stored at:  

https://drive.google.com/open?id=1XeG1xMqVG9E1I9uOrWF7juEr1670n3pK 

 

Figure S1  Physicochemical conditions along the central Red Sea transect in 

fall (21 – 28 October 2014) 

Figure S2  Physicochemical conditions along the central Red Sea transect in 

spring (3 – 9 April 2015) 

Figure S3  Physicochemical conditions along the central Red Sea transect in 

winter (21 – 23 January 2016) 

Figure S4  Physicochemical conditions along the central Red Sea transect in 

summer (25 – 27 August 2016) 

Figure S5a  Relationship between physicochemical measurements during all 

samplings 

Figure S5b Relationship between physicochemical measurements in fall and 

spring 

Figure S5c  Relationship between physicochemical measurements in winter and 

summer 

Figure S6  Rarefaction curves of all sequenced samples 

Figure S7  Neighbour-joining tree  

https://drive.google.com/open?id=1XeG1xMqVG9E1I9uOrWF7juEr1670n3pK
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Table S1  List of stations and their assigned geostation IDs 

Table S2  List of samples sequenced 

Table S3  Physicochemical measurements 

Table S4  Ten most abundant OTUs 
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3.1 ABSTRACT 

The availability of nitrogen often limits ocean productivity and biological nitrogen 

fixation is an important process that provides new nitrogen and supports carbon 

export in marine ecosystems. In order to understand the future state of productivity 

and carbon dynamics in the tropical and subtropical ocean regions, we assess the 

diversity of diazotrophs in this region using high-throughput sequencing of the nifH 

gene, and compared their diversity in size-fractionated samples with respect to the 

nitrogen fixation rates from different oceanic provinces. Using 97% identity cutoff at 

the nucleotide level, we observed 231 operational taxonomic units (OTUs) in both the 

large-sized (3–20-μm) and small-sized (0.22–3-μm) fractions, that do not necessarily 

correspond to free-living or particle-associated diazotrophs. Here, OTUs affiliated 

with Cyanobacteria and Proteobacteria accounted for about 90% of all sequences. 

OTUs associated with Trichodesmium and UCYN-A were the most abundant 

sequence types and the latter is highly abundant in the eastern Indian Ocean. 

Trichodesmium is dominant in warmer waters between 25.8 – 30.4°C, while UCYN-

A tend to thrive in cooler environments between 18.4 – 25.6°C. Our work also 

provided further evidence on the presence of non-cyanobacterial diazotrophs 

including Proteobacteria and Firmicutes, in regions previously-thought to be hotspots 

for nitrogen fixation.  

 

       

 

 

KEYWORDS: Malaspina; oligotrophic; nitrogen-fixation, nifH-metabarcoding 
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3.2 INTRODUCTION 

Biological nitrogen (N2) fixation is a vital process that supplies new nitrogen and 

supports carbon sequestration in marine ecosystems. In the pelagic waters of tropical 

and subtropical oceans, nutrients are often limited, and nitrogen fixation is crucial 

(Moore et al., 2013) as it reduces atmospheric N2 gas to ammonium, fulfilling half of 

the nitrogen requirement of phytoplankton growth (Capone and Carpenter, 1982; 

Emerson et al., 1998; Karl et al., 2002; Karl, 2002; Gruber and Galloway, 2008; Karl 

et al., 1997). Rates of nitrogen fixation are influenced by a myriad of environmental 

factors including oxygen tension (Zehr and Paerl, 2008), turbulence (Zehr and Paerl, 

2008; Fernandez-Castro et al., 2015), and atmospheric depositions (Kanakidou et al., 

2012; 2016), consequently posing an additional challenge for estimating ocean 

nitrogen budget.  

 

An imbalance between nitrogen inputs and losses in the global ocean was proposed 

(Gruber and Sarmiento, 1997; Codispoti, 2007) and previous underestimation of 

nitrogen fixation (Mohr et al., 2010) was one of the reasons for the uncertainty in 

current nitrogen budget estimate. To resolve the uncertainties, huge efforts to quantify 

and identify nitrogen fixation and its players (diazotrophs) were instigated. Molecular 

approaches such as polymerase chain reaction (PCR) and next-generation sequencing 

technologies have allowed us to probe into the elusive diazotroph community, by 

targeting the nitrogenase nifH gene to study the diversity and abundances of the 

diazotrophs. In addition to the numerically abundant cyanobacteria, Trichodesmium 

(Capone et al., 1997) and diatom-diazotroph associated-Richelia intracellularis 

{Villareal:wf} in open oceans, the roles of unicellular cyanobacteria UCYN-A (Zehr 

et al., 2001; Moisander et al., 2010) and non-cyanobacterial species (Farnelid et al., 
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2011; Delmont et al., 2017) are becoming increasingly recognized as an important 

and prevalent members of the diazotroph community. Although the latter remains to 

be discussed, heterotrophic diazotrophs affiliating to alpha-, beta-, gamma- and 

deltaproteobacteria have been found to be ubiquitous (Farnelid et al., 2011; Delmont 

et al., 2017) and evidences for alternative sources of ammonia and traits for 

swimming motility have been found in their genome, thereby suggesting a free-living 

lifestyle (Delmont et al., 2017). More recently, sublineages of UCYN-A were also 

identified (Farnelid et al., 2016; Turk Kubo et al., 2017) and their abundances across 

the global ocean were described (Farnelid et al., 2016).  

 

Distribution of microbes in oceans are governed by the interplay between transport 

processes, growth rates, resource supply and population sizes (Villarino et al., 2018), 

ultimately determining the structure of the community. In comparison to other marine 

prokaryotes such as SAR11 (Mary et al., 2006; Brown et al., 2012), Synechococcus 

and Prochloroccocus (Zwirglmaier et al., 2008; Flombaum et al., 2013), the 

population sizes and growth rates of diazotrophs in the subtropical and tropical oceans 

are likely to be small and highly variable. Here we report diazotroph community 

structure across the upper tropical and subtropical regions. We do so on the basis of 

high-throughput sequencing of the nifH gene in the upper ocean using samples 

collected along the Malaspina Circumnavigation Expedition (Duarte, 2015), which 

expands larger geographical range than Farnelid et al (2011) and includes under-

sampled regions, such as the Indian Ocean. We also discuss the distributions of 

UCYN-A3 and UCYN-A4 in the sampled regions based on phylogenetic similarities 

of sequence types derived from the molecular survey.      
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3.3 METHODS  

3.3.1 Sampling and processing 

The Malaspina Expedition circumnavigated the globe from December 2010 to July 

2011, covering the tropical, subtropical and temperate ocean between 35°N and 40°S 

(Duarte, 2015). Seawater DNA was collected at 43 stations (Figure 1, Table S1) from 

3-metres deep using a 30 L Niskin bottle.  A sample of 12-litres of water was first 

pre-screened through 200-μm and 20-μm meshes, and later through a 3-μm 

polycarbonate filter membrane (Merk Millipore, Isopore polycarbonate) and a 0.22-

μm Millipore express filter with a peristaltic pump (Masterflex, EW-77410-10). The 

filters were then flash-frozen in liquid nitrogen before being transport back to the lab, 

where DNA was extracted by using the phenol-chloroform method (Logares et al., 

2014). Details regarding the DNA extraction approach were presented previously 

(Salazar et al., 2015b). In this study, the 3–20-μm and 0.22–3-μm filters are used and 

are henceforth, referred to as the ‘large-’ and ‘small-’ sized fractions respectively.  

 

Figure 1. Map depicting the sampling locations. Stations visited during the Malaspina 

expedition were assigned to different domains and biogeographical provinces based 
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on the classification of Longhurst (Longhurst, 2010). Ocean provinces that were 

covered include the East Australia Coast (AUSE), Australia-Indonesia Coast 

(AUSW), the Caribbean (CARB), East-African Coast (EAFR), Indian South 

Subtropical Gyre (ISSG), NE Atlantic Subtropical Gyre (NASE), North Atlantic 

Subtropical Gyre (NATR), North Pacific Tropical Gyre (NPTG), Pacific Equatorial 

Divergence (PEQD), North Pacific Equatorial Countercurrent (PNEC), South Atlantic 

Gyre (SATL), South Pacific Subtropical Gyre (SPSG), Subtropical Convergence 

(SSTC) and Western Tropical Atlantic (WTRA). 

 

3.3.2 N2-fixation rate and Nitrate diffusivity  

During this expedition, surface (~3 m) N2-fixation rates were measured at 43 stations 

using the 15N2 uptake technique (Montoya et al., 1996). The dataset, summarized in 

Table S2, was reported by (Fernandez-Castro et al., 2015), who also provide details 

on the methods. Briefly, 4L of water was collected in acid-washed polycarbonate 

bottles and supplemented with 8-mL of 15N2 (98 atom%; Sigma-Aldrich, lot-

CX0937). After 24 h incubation on deck, the sample was filtered through a 25-mm 

GF/F filter (Whatman). The filters were later dried at 40 °C for 24 h and then stored 

until pelletization in tin capsules. Isotopic composition and masses of particulate N 

were measured with an elemental analyzer that is combined with a continuous-flow 

stable isotope mass spectrometer (Flash-EA112 þ Deltaplus; ThermoFinnigan), using 

an acetanilide standard as reference (Fernandez-Castro et al., 2015).  

 

Diffusivity fluxes of nitrate, as well as, N2-fixation rates computed during the 

expedition were reported previously by Fernandez-Castro et al. (2015). Briefly, 
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vertical diffusivity by mechanical turbulence and salt fingers were highest near the 

Australian coast (AUSE), where the latter, contributes to ~20% of new nitrogen 

supply in several provinces of the Indian and Atlantic Oceans. Changes in the nitrate 

concentration gradients influence the variability of nitrate diffusivity within the 

regions. High nitrate diffusivity was observed in the tropical Atlantic and Pacific 

(NATR, WTRA, PEQD and PNEC). Due to the scarcity of stratification condition in 

the Pacific, diffusivity by salt fingers were not observed in the region. Average 

photic-layer depth-integrated N2-fixation rate was 9.0 ± 9.4 µmol m-2 d-1 and highest 

N2-fixation rate was recorded in AUSW (59.5 µmol m-2 d-1) (Table S2). N2-fixation 

rate was not reported of the EAFR.  

 

3.3.3 Abundances of Trichodesmium sp., Richelia and UCYN-A 

The absolute abundances of Trichodesmium sp., and host-associated diazotrophs 

including Richelia intracellularis and its diatom hosts (Hemiliaulus hauckii sp. and 

Rhizosolenia spp.), and UCYN-A and its prymnesiophyte host, were obtained through 

cell counts using microscopy (eg. CARD-FISH and FlowCam) (Fernandez-Castro et 

al., 2015; Cabello et al., 2015). The abundances of Richelia-hosts and UCYN-A-

Prymnesiophyte were most abundant in SATL. UCYN-A-Prymnesiophyte 

distribution is patchy and its abundance may vary in orders of magnitude. The highest 

Trichodesmium sp. abundance was observed in WTRA, followed by CARB, NATR 

and SPSG.  
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3.3.4 Amplification of nifH gene and sequencing 

A nested PCR protocol was used to amplify an ~359 bp region of the nitrogenase nifH 

gene, using degenerate primers: nifH3, nifH4, nifH1 and nifH2 (Zehr and 

McReynolds, 1989; Zani et al., 2000; Zehr and Turner, 2001). Equal volumes of 

DNA were used as template (2 μL) in the first stage of the reaction that uses primers 

nifH3 (5’ TTYTAYGGNAARGGNGG 3’) and nifH4 (5’ ATRTTRTTNGCNGCRTA 

3’), and 1 μL of amplified product from the first stage was used as template in the 

second stage of the reaction that uses primers nifH1 (5’ TGYGAYCCNAARGCNGA 

3’) and nifH2 (5’ADNGCCATCATYTCNCC 3’). The reactions were carried out in 

triplicates of 10 μL volumes, and contained DNA template, QIAGEN® Multiplex 

PCR MasterMix and 10 μM of each primer. The PCR was run with the following 

cycling conditions: 95 °C for 15 min, 35 cycles of (94 °C for 1 min, 52 °C for 1 min, 

and 72 °C for 1 min) and a final extension at 72 °C for 7 min. 30 cycles of 

amplification was performed during the second stage. The nifH amplicons were 

subjected to 2 x 300 bp paired-end Illumina MiSeq platform at the KAUST 

Bioscience corelab facility (Thuwal, Saudi Arabia), following an additional 10 PCR 

cycles with custom barcoded nifH1 and nifH2 primers under the same PCR 

conditions (Farnelid et al., 2013; Messer et al., 2015; 2016).    

 

3.3.5 Amplicon sequence analysis 

Raw paired-end sequence reads were quality trimmed and the adaptors removed using 

Trimmomatic v0.36 (Bolger et al., 2014), followed by removal of phiX reads using 

BBmap v37.44 (http://jgi.de.gov/data-and-tools/bbtools/) and error-corrected using 

SPADes v3.9.0 (Bankevich et al., 2012). The error-corrected paired reads were 

merged using PandaSeq v2.8 (Masella et al., 2012) applying default settings but the 

http://jgi.de.gov/data-and-tools/bbtools/


 
 

109 

following parameters for overlap selection and scoring: -t 0.32 and -A pear. The 

resulting fastq files were converted to fasta simultaneously generating a group file 

associating each sequence with a sample using an in-house perl script. The fasta and 

groups files were then used as input for MOTHUR v1.3.95 (Schloss et al., 2009) 

following the SOP for MiseQ data (https://mothur.org/wiki/MiSeq_SOP), which 

included: (1) discarding sequences shorter than 300 basepairs (bp), with ambiguity 

and chimeras and with homolopolymers longer than 6 bp; (2) aligning the high-

quality sequences against a curated nifH sequence database 

(https://wwwzehr.pmc.ucsc.edu/nifH_Database_Public/) repurposed from Heller et al. 

(2014); (3) classification of the representative OTUs generated at 3% sequence 

difference using the accompanying taxonomy file from Heller et al. (2014); (4) 

further filtration of the representative sequences that do not satisfy the nearest match 

and length criteria to curated NifH proteins based on analyses done in FrameBot 

(http://fungene.cme.msu.edu/FunGenePipeline/framebot/form.spr).   

 

3.3.6 Diversity assessment and statistical analyses 

Rarefaction and rank abundance plots were generated using the ‘vegan’ package in 

the program R (http://www.r-project.org/). Measures of alpha diversity using the 

Chao1 and inverse Simpson indices were calculated using the ‘phyloseq’ package, 

also in R. Significant differences in community structure between the different size 

fractions and ocean provinces were tested using a one-way ANOSIM in R.  Analysis 

using non-parametric Spearman correlation was performed in Graphpad Prism version 

7c. Summary of uniqueness and intersections of OTUs between the samples were 

generated using the online tool available at: 

http://bioinformatics.psb.ugent.be/webtools/Venn/.   

https://wwwzehr.pmc.ucsc.edu/nifH_Database_Public/
http://bioinformatics.psb.ugent.be/webtools/Venn/
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3.4 RESULTS 

3.4.1 Sequencing information and overall estimates 

A total of 3,042,041 nifH sequences were obtained after initial quality check and 

assembly. The sequences were then subsampled to 580 sequences per sample (n = 

83), and our rarefaction analyses shows that the sequencing effort was sufficient to 

fully assess nifH diversity from all samples at the sampling depth applied (Figure S1). 

Representative sequences from each operational taxonomic unit (OTU) in the rarefied 

dataset (231 taxa) were retained and used for downstream analyses.  

 

Rank abundance analyses shows that diazotroph community in both the small- and 

large-sized fractions are composed of a few dominant, and many rare OTUs (Figure 

2a) and the richness and evenness of OTUs in both fractions are similar (Figure 2b).   

A total of 79 OTUs are shared between the two size fractions (Figure 2c, Table S4), 

and more unique OTUs were found in the small-sized fraction than in the larger one.  

 

Analysis on the diversity of OTUs with respect to the regions however, revealed that 

the richness of OTUs varied among ocean provinces (Figure 3a, b). OTU richness was 

lowest in the Australia-Indonesia Coast (AUSW), and highest in the North Atlantic 

Subtropical Gyre (NATR). Consequently, the highest number of shared and unique 

OTUs were also observed in NATR (Figure 3c, Table S4), while no unique OTUs 

were found in AUSW.  

 

The dataset containing the 231 taxa were further subsampled to exclude sequences 

with <10 sequences, thereby resulting in 69 taxa, where their phylogenetic 

associations with known nifH clades were delineated (Figure 4). Our phylogenetic 
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analysis shows that the OTUs clustered within nifH clades I and III, and are mostly 

associated with alpha-, beta- and gammaproteobacteria, as well as cyanobacteria. Of 

the 69 taxa that were identified in our rarefied dataset, OTU 10, which shared 94% 

nucleotide similarity to the gammaproteobacteria, Pseudomonas stutzeri, is primarily 

present in all the provinces. Although its presence was not detected in EAFR, we 

think that this is mainly attributed by the lack of large-sized fraction samples, where 

sequences associating to OTU 10 were mainly observed.  

 

Within the cyanobacterial Cluster I, OTU 1, which is 100% identical in nifH 

nucleotide composition to UCYN-A1 is observed in all provinces, except in CARB. 

OTU 84 and OTU 134, which is closely-related to UCYN-A2, is present in low 

numbers at all provinces. Additionally, OTU 103 and OTU 31 clustered closely to the 

nucleotide sequences of UCYN-A3 and UCYN-A4 respectively. While OTU 103 is 

found to be abundant in provinces within the Atlantic (SATL and NASE) and Indian 

Ocean (ISSG), OTU 31 is particularly more abundant in AUSE as compared to the 

rest of the sampled regions.  

 

Although NMDS analyses showed no clear clustering (Stress=0.14) (results not 

shown), our ANOSIM analyses suggests minor differences in the diazotroph 

community structure between: the small- and large- sized fractions (Global ANOSIM, 

R=0.11, P=0.001); and across ocean provinces (Global ANOSIM, R=0.243, P=0.001), 

suggesting that the diazotroph community is largely globally coherent across the 

subtropical and tropical ocean. 
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Figure 2. Diversity of taxa with respect to size fractions. (a) Rank-abundance plot (b) Plots of alpha diversity estimates using the metrics: 

Observed species (left), Chao1 index (middle) and Shannon index (left) (c) Venn Diagram of shared and unique OTUs (d) Ten most abundant 
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OTUs associated with the size fractions. Solid and dotted lines in (a) indicate OTUs representing 50- and 90% of total sequences respectively. 

Values in parentheses to each OTU ID in (d) represents relative abundances.  
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Figure 3. Diversity of taxa with respect to ocean provinces. (a) Rank-abundance plot (b) Plot of alpha diversity estimates using the metrics: 

Observed species (left), Chao1 index (middle) and Shannon index (left) (c) Bar plot of the number of shared and unique OTUs. (d) Ten most 

abundant OTUs associated with the size fractions. Solid and dotted lines in (a) indicate OTUs representing 50- and 90% of total sequences 

respectively. Values in parentheses to each OTU ID in (d) represents relative abundances. 
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Figure 4. Neighbour-joining phylogenetic tree derived from aligned nifH sequences of the sequenced samples. 

Representative sequences from each operational taxonomic unit (OTU) containing >10 sequences in the rarefied 

dataset (69 OTUs) are displayed on the tree. Bootstrap values (1000 replicates) of >50% are represented in the 

tree with size-proportional circles. The taxonomic affiliations of OTUs with canonical nifH clades (Zehr et al., 

2003) are indicated in green (Clade I – Cyanobacteria), blue (Clade I - Proteobacteria), purple (Clade III), orange 

(Clade II), and  red (Clade IV). Outer coloured bars represent relative abundances of the 69 OTUs from the 
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respective ocean provinces, with dark grey representing lowest abundance, and light grey representing highest 

abundance. Tree was produced using the Interactive Tree of Life (http://itol.embl.de/, (Letunic and Bork, 2016) ). 

http://itol.embl.de/
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3.4.2 Diazotroph community structure in the two size fractions 

 

Figure 5. Relative abundances of OTUs associated to the (a) small-sized fraction, and 

(b) large-sized fractions. Closest cultured representatives that share >90% nucleotide 

identity is indicated in parentheses to each OTU ID. 

 

The ten most abundant OTUs (>1% of total sequences) includes UCYN-A, which 

comprised more than 30% of the nifH sequences in the small-sized fraction (Figure 

2d, Table S5a). In addition, sequences relating to Bacteroides sp., Marinobacter sp. 



 
 

119 

and Crocosphaera watsonii were also found to be abundant in the small-sized 

fraction. In the large-sized fraction, sequences associated to Pseudomonas sp., 

UCYN-A and Trichodesmium sp. dominated, with almost equal shares of the reads 

(~15% each OTU), the diazotroph community. OTUs that are unique to the large-size 

fraction are: OTU 334 (Pseudomonas sp.), OTU 30 (Vibro sp.) and OTU 257 

(Novosphingbium sp.) (Figure 2d, Table S5a). 

 

To further compare the OTU compositions between provinces, sequences that make 

up less than 5% of the total sequences in each size fractions were categorized as 

‘others’, while the more abundant OTUs were computed individually (Figure 5) In 

both size fractions, the former comprises of OTUs that are related to various 

Proteobacteria and non-cyanobacterial species. Within the Indian Ocean (ISSG, 

AUSW, SSTC and AUSE), UCYN-A-associated sequences make up at least half of 

the total sequences in both size fractions (Figure 5, Table S5). UCYN-A-associated 

sequences in the small-sized fraction are found in all provinces except in WTRA, 

CARB and PNEC (Figure 5a). Sequences relating to Marinobacterium (OTU 26) 

were found mostly in the North Pacific (NPTG and PNEC) and in CARB. While non-

cyanobacterial species (‘others’) form a minor portion of the diazotroph community in 

most ocean regions, the bulk of sequences in some provinces (WTRA, SPSG and 

ISSG) consisted of this taxon.  

 

Sequences in the large-sized fraction were largely affiliated to the non-cyanobacterial 

cluster (‘others’) and Trichodesmium (Figure 5b). Trichodesmium-associated 

sequences are dominant in SPSG, CARB, NATR and AUSE. Similar to sequences in 

the small-sized fraction, those that were retrieved from WTRA and ISSG remained to 
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be dominated by the aforementioned non-cyanobacterial cluster. UCYN-A-associated 

sequences are also observed in the large-sized fraction, and it remains to be abundant 

in the Indian Ocean. OTU 26 and OTU 28, both affiliated to Marinobacterium sp., 

were dominant in the North Pacific region. Pseudomonas-associated sequences (OTU 

10) were present in all provinces, except in PEQD and NPTG, where 

Marinobacterium-associated sequences dominate.  

 

The ten most abundant OTUs in the Pacific, Atlantic and Indian oceans were analyzed 

(Table S5b). Ten most abundant OTUs found in each province are also listed in Table 

S5a. Our analysis showed that sequences affiliating to UCYN-A (OTU 1), 

Trichodesmium sp. (OTU 2), Pseudomonas sp. (OTU 10) and Azotobacter sp. (OTU 

28) are common between the oceans.          

 

3.4.3 Correlation between UCYN-A, Trichodesmium sp. and Pseudomonas sp. 

abundances with N2-fixation rates and temperature 

Due to the uniformed ubiquity of OTU 1 (UCYN-A), OTU 2 (Trichodesmium sp.) 

and OTU 10 (Pseudomonas sp.), their correlations with N2-fixation rate and 

temperature were analysed (Figure 6 and Figure 7). Our linear regression analysis 

showed that the abundances of UCYN-A were positively correlated to N2-fixation 

rates, while no significant correlations were observed with Trichodesmium sp. and 

Pseudomonas sp. (Figure 6). The abundances of all three OTUs were related to 

temperature. While the abundances of Trichodesmium sp. and Pseudomonas sp. tends 

to increase with temperature, the reverse is true for UCYN-A (Figure 6).  The 

relationship between the abundances of these OTUs and temperature were fitted to a 

non-parametric Gaussian distribution (Figure 6), although Pseudomonas sp. did not 
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conform to that model.  The abundance of UCYN-A and Trichodesmium sp., 

comprising 36 % of the total number of diazotroph reads, conformed to a non-

parametric Gaussian distribution with temperature, with optimal abundances of 

UCYN-A and Trichodesmium sp. found at different temperature ranges. UCYN-A-

associated sequences reached peak abundance at 22.0 ± 3.6°C, while Trichodesmium-

associated sequences reached peak abundance in warmer waters at 28.1 ± 2.3°C 

(Figure 7). 
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Figure 6. Relationship between N2 fixation rates and temperature, with the abundances of OTU 1, OTU 2 and OTU 10. Solid and dotted lines 

indicate best-fit line, and 95% upper and lower confidence intervals. R2 and P-values are indicated on top-right of each plot. 
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Figure 7. Fitted non-parametric Gaussian distributions of OTU 1 and OTU 2 

sequence abundances with temperature. Solid and dotted lines indicate best-fit line, 

and 95% upper and lower confidence intervals. R2 and P-values are indicated on top-

right of each plot. 

 

3.4.4 Relationship between N2-fixation rates and sequences retrieved 

 

Figure 8. N2 fixation rates expressed as per million nifH sequences. Colours of 

bubbles on map corresponds to the intensity of the rates. Color scale progress from 
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pale-yellow (low) to red (high) (colour legend on bottom-left). Figure inset on top-

right summarizes the same result based on provinces. 

 

N2 fixation activity expressed as N2 fixation rate per million reads recovered were 

computed and summarized in Figure 8. Highest number of sequence retrieved were 

obtained from CARB, while the lowest number of sequences were retrieved from 

NPTG. Average N2 fixation rate per million reads is 466.5 ± 130.4 µmol m-2 d-1 10-6 

reads-1, but varied 100-fold among ocean provinces, being highest in the AUSW 

(2011.2 ± 164.1 µmol m-2 d-1) and SATL (1758.3 ± 713.3 µmol m-2 d-1). The lowest 

rate however, was found in PEQD (21.1 ± 15.9 µmol m-2 d-1). Despite the high 

abundance of sequences retrieved from CARB, N2 fixation rate within this province 

was below average N2 fixation activity.  

 

3.5 DISCUSSION 

Free-living and particle-attached marine microbial communities have often been 

proven to differ in their diversity and composition in the global ocean. Differences 

between the free-living and particle-attached microbial communities have been 

observed in relation to their local abundances and biomass, substrates incorporation or 

adaptation to different ecological features such as the degradation of organic matter 

compounds (Crespo et al., 2013; Salazar et al., 2015a). Biological nitrogen fixation is 

a vital process that mediates new nitrogen production in oceans, and marine 

diazotroph communities are often associated with free-living and host-associated 

organisms. The present study is aimed at enhancing our current understanding of the 

community of free-living and host-associated diazotrophs that help with new nitrogen 
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production in the global tropical and subtropical oceans, by providing a high-

resolution snapshot of the community using high-throughput sequencing of the 

nitrogenase nifH gene.  

 

Our results identified cyanobacteria species including Trichodesmium and 

Atelocyanobacterium Thalassa, UCYN-A, as the key players of new nitrogen 

production in the tropical and subtropical ocean. The intensity of nitrogen fixation 

was related to the abundance of UCYN-A, where high nifH gene abundance relating 

to UCYN-A was observed in the South Atlantic and east Indian Ocean, where high 

UCYN-A counts and nitrogen fixation rates were also reported (Fernandez-Castro et 

al., 2015). The contribution of UCYN-A to new nitrogen production is also 

demonstrated by the low presence of UCYN-A-associated sequences in regions of 

low nitrogen fixation rates at the time of our survey, specifically in the North Atlantic 

Subtropical Ocean and in the Caribbean Sea. These previously-proclaimed hotspots 

for nitrogen fixation are instead dominated by non-cyanobacterial species, consisting 

of Proteobacteria and Firmicutes, that only make up less that 5% of the global 

diazotroph community. This finding thus indirectly implies on the minor role and 

contributions of N2-fixing Proteobacteria and Firmicutes to new nitrogen production.  

 

Whereas the global prokaryote community in the upper ocean comprises over 40,000 

OTUs (Sunagawa et al., 2015), the number of OTUs containing the nifH gene is only 

0.5% of these.  However, the ten most abundant OTUs accounted for 80% of the nifH 

gene abundance in our survey of the subtropical and tropical ocean, with UCYN-A, 

Trichodesmium and Pseudomonas being the three most abundant diazotroph OTUs. 

Trichodesmium was the dominant OTU associated to the large particle size because of 
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their capacity to aggregate into colonies to form relatively large particles. The 69 

OTUs matching to previously reported N2-fixing OTUs comprised 1.5 % of the nifH 

gene abundance. Yet, the remaining unknown 162 OTUs comprising 98.5 % of the 

total reads in our data base.  This indicates that our knowledge on the organisms 

performing this important function for the functioning of the global ocean remains 

quite fragmented, and that efforts to identify these organisms are urgently needed. 

 

The ubiquity of non-cyanobacterial species in regions within the North Atlantic was 

also highlighted recently by Delmont et al. (2017), but the study was limited by the 

availability of N2-fixation rate measurements, and is thus inadequate to prove the 

extent of N2-fixing capabilities in these non-cyanobacterial species. On the contrary, 

we believe that the high abundance of Proteobacteria and Firmicutes-associated 

sequences in these regions could be a part of the bacterial consortia that is associated 

to Trichodesmium (Lee et al., 2017). This is because the abundances of these 

organisms is often similar, or more abundant than Trichodesmium-associated 

sequences, especially in the large-sized fraction. The significant abundance of 

sequences related to Gammaproteobacteria, Pseudomonas sp., in the Caribbean and 

North Atlantic provinces could also be attributed to this reason. Although high 

Trichodesmium counts in WTRA were reported previously by Fernandez-Castro et al. 

(2015), we did not observe this in our sequencing data. The diazotroph community in 

WTRA was, instead, dominated by the aforementioned community of Proteobacteria 

and Firmicutes. In addition to Pseudomonas, sequences relating to Marinobacterium 

are also detected and found to be in the North Pacific. Although Marinobacterium 

mangrovicola is a well-known N2-fixing bacterium that was isolated from mangrove 
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roots (Alfaro-Espinoza and Ullrich, 2014), the role of this species in the open ocean is 

not yet known.  

 

Besides UCYN-A, high nitrogen fixation rates were also associated with high counts 

of Richelia and its hosts (Fernandez-Castro et al., 2015), although this was not 

obvious in our sequencing data. In retrospect, sequences that related to Richelia 

cyanobiont of Rhizosolenia sp. (AEB97727.1) were observed in samples from the 

SPSG, but this accumulate to only 2% of the total sequences of the province. 

Although cell-targeted nitrogen fixation rates were not measured to directly compare 

nitrogen production in UCYN-A and Trichodesmium respectively, we can infer that 

UCYN-A is a greater contributor to new nitrogen production, based Fernandez-Castro 

et al (2015) and the present study.  

 

Nonetheless, the nitrogen fixation rate per million nifH gene varied 100-fold 

indicating that the abundance of the nifH gene is possibly not a reliable predictor of 

nitrogen fixation. Furthermore, no correlations between Trichodesmium- and UCYN-

A-associated nifH gene abundances were found with the absolute cell counts of these 

organisms (results not shown). We think that the former could have been attributed by 

the occurrence of polyploidy in Trichodesmium (Sargent et al., 2016), which could 

have resulted in an overestimation of the true Trichodesmium abundance in our 

sequencing data. Although polyploidy has not been reported in UCYN-A, the number 

of UCYN-A cells per eukaryotic partner is known to vary with different UCYN-A 

sublineages (Farnelid et al., 2016). Future studies to estimate diazotroph cell 

abundances from the abundances of nifH gene should therefore take these factors into 

consideration.  



 

 

128  

 

The distribution of nifH gene abundance with temperature suggested optimal 

temperatures of 22.0 ± 3.6°C for UCYN-A and 28.1 ± 2.3°C for Trichodesmium-

associated sequences, suggesting a thermal niche partitioning of the two dominant 

nitrogen fixing organisms that may determine their relative abundance across space, 

seasons and depth. Moreover, the contrasting thermal optima between these two 

dominant diazotrophs suggest that Trichodesmium is more likely to thrive with future 

ocean warming. Although the rate of fixing nitrogen is likely to be less intense than 

UCYN-A, Trichodesmium may continue to support nitrogen production in the 

warmer, more oligotrophic, future ocean. 

3.6 CONCLUSION 

Here we characterize the ubiquity of cyanobacterial and non-cyanobacterial species of 

diazotrophs in the global tropical and subtropical oceans. Fluctuations in the 

abundances of the main diazotrophic taxa are mainly temperature-related, and their 

abundances varies across different ocean provinces. We also highlighted the presence 

of non-cyanobacterial species within the diazotroph community of the tropics and 

subtropics, and pinpoint their high abundance in regions where Trichodesmium is 

dominant, and where nitrogen fixation rates are low. Our assessment identifies 231 

OTUs, about 0.5 % of prokaryote OTUs (about 40,000) (Sunagawa et al., 2015), as 

being the diazotroph community of the global subtropical and tropical ocean. 

Provided the relatively small diversity of this pool of organisms, the fact that the 

identity of 98.5% of these remains unknown points at a major gap in our 

understanding of the organisms supporting nitrogen fixation in the ocean.  
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3.9 SUPPLEMENTARY MATERIALS 

Supplementary materials are temporarily stored at: 

https://drive.google.com/open?id=1gJGtNFq5MbqJSPB6KtPas4yTuhNYu3Qf 
 
 
Table S1 List of sampling stations 

Table S2 Nitrogen-fixation rates, Trichodesmium counts, and UCYN-

A/Prymnesiophyte counts at each sampling station 

Table S3 List of samples submitted for sequencing 

Table S4 List of shared and unique OTUs 

Table S5 Top ten most abundant OTUs 

Figure S1 Rarefaction curve 
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4.1 ABSTRACT 

Trichodesmium is regarded as a major source of nitrogen to the Red Sea, but 

diazotroph-based studies in the system have only been concentrated on the Gulf of 

Aqaba. We quantified the abundances of Trichodesmium cells, and Trichodesmium-

associated nifH gene and transcripts across the system and investigated their change 

over time. Using microscopic cell counts, we found the abundance of Trichodesmium 

to be comparable to other oligotrophic systems.  Morphological evidences suggest 

that T. erythraeum and T. thiebautii are species that are present here, and their 

spatiotemporal distribution are temperature-dependent. Cell abundance was highest in 

fall while nifH gene expression was highest in spring. While our one-year observation 

showed peak Trichodesmium abundance at 29.5 ± 3.6°C, a combined analysis of all 

trichome counts reported in this study suggests an optimal abundance at 28.5 ± 2.8°C. 

Temperature above this threshold seemed to collapse the population. The Red Sea, the 

warmest of all seas, provides a good setting to understand the effects of rising 

temperature on natural populations of Trichodesmium, which are expected to decline 

as surface ocean waters exceed 28 °C with future warming. This study also provides a 

baseline to understanding Red Sea Trichodesmium population structure and 

spatiotemporal dynamics that is still poorly understood.  
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4.2 INTRODUCTION 

Cyanobacteria of the genus Trichodesmium are considered key diazotrophs in tropical 

and subtropical oceans as they provide significant amount of bioavailable nitrogen 

(N2) to the system via the process of nitrogen fixation. Trichodesmium supplies more 

than half of the current global marine N2-fixation estimate (i.e. 100-200 Tg N 

annually) 1,2, thereby helping to fuel carbon uptake by photoautotrophs and ultimately 

providing much of the new nitrogen that supports carbon export to the deep sea 3. Due 

to its huge contributions to N2-fixation 4, an accurate understanding of the abundance, 

physiology and ecology of Trichodesmium is vital.  

 

In comparison to other Cyanobacteria, Trichodesmium grows at a much slower rate 

(turnover rates 3 to 5 days) 5 and tend to form filaments (trichomes) that consists of 

about 100-200 cells 6. The trichomes may exist freely, or may aggregate to form 

colonies that are known as “puffs” (spherical colonies) and “tufts” (fusiform colonies) 

7. Although species of Trichodesmium are morphologically similar irrespective of 

their geographical origin 8, the slight difference in traits (eg. shape, colour and colony 

arrangements) have been used for classification 8-11. Species of Trichodesmium that 

are known thus far are: T. tenue, T. erythraeum, T. thiebautii, T. hildebrandtii, and T. 

contortum. Members of the genus Katagnymene (K. pelagica and K. spiralis) 12 have 

also been found to be phylogenetically similar to Trichodesmium 13,14, and have since 

been referred to as T. spiralis 15. Of all the known species of Trichodesmium, T. 

erythraeum was the first to be isolated 16 and sequenced 17. The genome of T. 

erythraeum IMS101 was found to be about 7.75 Mbp (http://genome.jgi-

psf.org/trier/trier.home.html) and ranks among the larger cyanobacterial genomes thus 

far sequenced 17,18. 
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Trichodesmium is a unique diazotroph due to its capacity to fix both carbon (C) and 

N2. The circadian rhythm in Trichodesmium cells generally controls the rate of 

photosynthesis, consequently controlling the ATP/ADP ratio 19 within the cell. Within 

each trichome, nitrogenase-containing cells (diazocytes) are isolated from the net 

oxygen produced by photosynthesis, which would otherwise inhibit N2-fixation 20. At 

dawn, when photosynthesis is likely to take place, the production of diazocytes were 

found to be low 21,22. At mid-day, carbon fixation and oxygen production are reduced 

23 while oxygen-scavenging mechanisms (via respiration and Mehler reactions) as 

well as, the production of cytochrome c oxidase (enzyme required for ATP synthesis) 

are enhanced 23,24. Hence, by minimizing its exposure to oxygen and utilizing the 

energy that was produced from photosynthesis earlier in the day, Trichodesmium 

ensures that N2-fixation can still happen in the day 18.  

 

Photosynthetic mechanisms in Trichodesmium have also evolved to enable higher 

tolerance to very high solar radiation 25. The rate of growth and activity of 

Trichodesmium are also limited by the availability of phosphorus 26. In future global 

warming scenarios, the population of Trichodesmium is predicted to expand; 

propelled by rising temperature and CO2 levels, which are thought to increase the 

efficiency of the light-harvesting mechanisms in Trichodesmium, thereby fueling 

oxygen production and N2-fixation within the cells 27.  

 

The Red Sea, one of the warmest seas, provides a good setting to understand the 

effects of rising temperature on natural populations of Trichodesmium. The semi-arid, 

tropical basin possesses very harsh living conditions, with year-round high sea surface 
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temperature and low nutrient concentrations. Besides, blooms of Trichodesmium have 

been reported in the Red Sea since the 1800s, leading to the first description of 

Trichodesmium 28. Some claimed that these events have led to the Red Sea’s name, 

given that Trichodesmium form a layer of red-coloured scum in the ocean surface; a 

result of high concentration of the red pigment, phycoerythrin, significant to T. 

erythraeum.  

 

Despite frequent association of the Red Sea to Trichodesmium, most observations and 

studies of the genus have only been concentrated in the northernmost tip of the Gulf 

of Aqaba (northern Red Sea) region 29-32, and the abundance and distribution of 

Trichodesmium along the Red Sea has not been assessed.  

 

Here we assessed the distribution and seasonal dynamics of Trichodesmium in the 

eastern half of the Red Sea and its potential N2-fixing activity, by quantifying the 

abundance of Trichodesmium using microscopic cell count and quantifying the 

abundance of nitrogenase nifH gene and transcripts that are associated with the 

organism. The variability observed was then used to constrained the environmental 

niche of Trichodesmium in the Red Sea, which may help shed light into the impacts of 

ocean warming on their distribution, ability to fix N2, and consequently their impacts 

on primary production and carbon sequestration in future oceans. 
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4.3 METHODS  

4.3.1 Sampling and processing 

Cruises along the Saudi Arabian Exclusive Economic Zone (EEZ) were performed in 

winter (18-28 February 2016), and fall (20-27 September 2016, and 1-8 October 

2016). Samples were obtained throughout the Red Sea during both seasons covering a 

total of 45 stations in winter, and 26 stations in fall.  To better resolve the seasonal 

change in the abundance of Trichodesmium, samples were also collected fortnightly 

in a coastal station in the central Red Sea region (22.31°N, 39.00°E) between 

September 2016 and August 2017. 

 

Colonies of Trichodesmium were collected using plankton nets of similar sizes during 

the time-series cruise (mesh size: 200-μm, diameter: 60-cm) and, the winter and fall 

cruises (mesh size: 150-μm, diameter: 50-cm). The nets were deployed and towed 

from the side of the vessel, avoiding water mixing by the propellers. The net was 

hauled at 2 to 3 knots for approximately 30 min, before it was recovered and brought 

on-board. Aboard the vessel, the net was rinsed with 0.22-µm filtered-seawater and 

the whole plankton sample was congregated at the cod-end. The volume of water 

filtered by the net was calculated using the diameter of the plankton net of each cast 

and the distance travelled during the cast. Approximately 100-mL of concentrated 

plankton cast samples were taken from each station and preserved in 4% buffered 

formaldehyde. The fixed samples were stored at room temperature before being 

identified and enumerated in the lab.  The rest of the fresh unpreserved samples were 

immediately frozen until DNA and RNA are extracted in the lab.  
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4.3.2 Trichome counts 

Trichodesmium spp. were identified based on Janson et al (1995) and the total number 

of free trichomes were enumerated using a 1 mm2 Sedgewick-Rafter Counting 

Chamber (Model #1801-G20, Cole-Parmer, USA). The chamber was filled with net 

samples using Hensen-Stempel pipettes and was allowed to stand for at least 15 min 

to let the trichomes settle. Trichomes on the bottom of the chamber were counted 

using Leica DM IL inverted microscope (Leica Microsystems, Weltzar, DE) at 10X 

magnification. For each sample, the counts were performed in triplicate. When 

estimating the abundance of the trichomes, the total volume of water filtered during 

the net tows and the fraction of the pooled concentrated sample counted were taken 

into consideration.   

 

4.3.3 Quantifying nifH gene and transcripts  

Genomic DNA and total RNA were directly isolated from the snap-frozen tow sample 

using NucleoSpin® TriPrep kit (Macherey-Nagel, Düren, DE). Seawater was removed 

from the samples by spinning down at top-speed, before proceeding with the 

manufacturer’s protocol. After extraction, the quantities and qualities of the DNA and 

RNA extracts were determined using Nanodrop™ 2000c (Thermo-Scientific, 

Massachusetts, USA). Integrity of RNA extracts were also further assessed by 

running the extracts on a 1.5% agarose gel, and viewed under a UV transilluminator.   

 

To determine the quantities of nifH gene and transcripts that are present in our 

samples, quantitative PCR (qPCR) and quantitative reverse transcription PCR (RT-

qPCR) were performed using the forward primer: 5’ 

GACGAAGTATTGAAGCCAGGTTTC 3’ and reverse primer: 
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5’CGGCCAGCGCAACCTA3’, that are specific for all known species of 

Trichodesmium 33.  

 

First strand cDNA was synthesized from 1μg of total RNA using SuperScript™ III 

First-Strand Synthesis SuperMix (Invitrogen, Carlsbad, CA, USA) prior to RT-qPCR. 

The concentrations and purity of the cDNA were then measured using Nanodrop™ 

2000c (Thermo-Scientific, Massachusetts, USA). Thermal cycling conditions and 

reaction mixtures used for the qPCR/RT-qPCR assays follows that of the 

manufacturer’s protocol that is outlined in the SYBR™ Green PCR Master Mix 

(Thermo-Scientific, USA). Briefly, triplicate 25-μl qPCR/RT-qPCR mixtures were 

used for each sample and standard. No-template controls were also included to check 

for non-specific amplification of the primers. The reaction mixtures contained an 

equivalent of 1 ng of DNA or cDNA, SYBR™ Green PCR Master Mix, and 10-μM 

of both forward and reverse primers, and 10-μM of probes. The qPCR assay was run 

on the 7900 HT Fast Real time PCR System (Applied Biosystems, Foster City, CA, 

USA) with the following cycling conditions: 95°C for 10 min, and 45 cycles of 95°C 

for 15 secs, and 60°C for 1 min. The quantities of nifH gene and transcripts were 

extrapolated from CT values calibrated to internal standard curves. Standard curves 

were prepared using serial dilutions of nifH-amplified tow sample DNA. Specificity 

of the amplification products was confirmed by melting-curve analysis, and the 

expected sizes of the amplified fragments were checked on a 1.5% agarose gel.  

 

4.3.4 Statistical analyses 

All statistical analyses used in this study were performed using GraphPad Prism 

software version 7.0c (GraphPad Software Inc., USA). Correlations between the 
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experimental variables were computed using Spearman non-parametric correlation 

test and two-tailed P-value was computed.  

 

Non-linear regression was performed using the least square (ordinary) fitting method. 

Upper and lower 95% confidence bands were also plotted to indicate the likely 

locations of the true curve. Skewness of the data were assessed using Hougaard’s 

Measure of Skewness and a slight skewness was observed when data from the cruises 

and time-series were combined. Evaluation for normal distribution was performed 

using D’Augostino and Pearson omnibus K2 test.  
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4.4 RESULTS 

4.4.1 Population structure of Trichodesmium in Red Sea 

 

Figure 1. Structure and morphology of Trichodesmium spp. observed in Red Sea. (a) 

Structure of trichomes in a sample where Trichodesmium bloom occurred. (b) 

Segmentations within trichomes indicating compartmentalized cells (c) Radially-

arranged filaments; puffs (d) Parallely-arranged filaments; tufts; (e) Two species of 
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Trichodesmium that we refer to as ‘long’ (left) and ‘wide’ (right). (f) An example of 

the broader, ‘wide’ species of Trichodesmium. Scale bars = 200-μm. 

 

Blooms of Trichodesmium were occasionally observed during the course of our 

sampling. When blooms were observed while on-board the ship, high densities of 

trichomes were also found in our preserved samples (Fig. 1a), thus confirming that the 

sampling method used was reliable for determining Trichodesmium abundance in the 

system.    

 

Trichodesmium colonies of both puff and tuft arrangements were observed (Fig. 1c, 

1d), but their presence was random and no one arrangement dominated over the other. 

In both the winter and fall cruises, the Trichodesmium colonies appeared yellowish to 

dark-brown. In determining Trichodesmium abundance in the present study, each 

colony-associated trichome was counted individually and included in the cell count as 

the total number of free trichomes observed at each sampling station.  

 

Owing to the mesh-size of the net used (150-μm and 200-μm), a large portion (~80%) 

of our preserved neuston samples consisted of large zooplankton (eg. copepods and 

dinoflagellates). On that account, Trichodesmium was discerned from the pool of 

zooplankton by the presence of cell segmentations that are present within each 

trichome (Fig. 1b), consistent with descriptions of diazocytes in the literatures. It was 

also observed that these cell compartments or diazocytes may appear non-granulated 

(Fig. 1d) or granulated (Fig. 1f).  
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Overall, we observed two types of trichomes in our samples, of which we termed as 

‘wide’ and ‘long’. The latter is typically longer and narrower, about 200 – 250-μm in 

length and 4 – 6-μm in width (Fig. 1d). A subset of the trichomes we observed were, 

on the contrary, slightly shorter and broader, about 160 – 190-μm in length and 15 – 

17-μm in width (Fig. 1e, 1f). Based on the descriptions outlined by Janson et al. 

(1995), we tentatively assign the ‘wide’ and ‘long’ forms of Trichodesmium observed 

to be T. erythraeum and T. thiebautii, respectively. Interestingly, the broader, ‘wide’ 

species of Trichodesmium tends to be more abundant in our fall samples, composing 

of at least two-thirds of the total trichomes count. On the contrary, the ‘long’ species 

believed to be T. thiebautii was more prevalent in the winter.  

 

4.4.2 Trichodesmium cell abundance along the EEZ 

Generally, Trichodesmium was observed to be more abundant in fall than in winter. 

When the sea surface temperature in the Red Sea averaged around 24°C in winter, the 

average (± SE) concentration of Trichodesmium was 20.3 ± 1.7 trichomes per litre 

(n=24) (Fig. 2a). As the temperature gets warmer in fall (~ 32°C), the concentration of 

Trichodesmium increased at least five times more, averaging 98.3 ± 26.8 trichomes 

per litre (n=47) (Fig. 2a). When the concentrations of trichomes observed during fall 

and winter were examined as a function of temperature (Fig. 2a, inset), a clear 

separation between the fall and winter samples were observed, suggesting a 

temperature-dependence of Trichodesmium abundance.  
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Figure 2. Abundance of Trichodesmium in Red Sea surface water derived from neuston net tow. Trichodesmium-associated abundances expressed 

as: (a) numbers of trichomes per litre in fall (green circles) and winter (blue circles); (b) number of nifH transcripts per gene in fall. Figure insets 
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(top-right) shows mean, standard errors (S.E), minimum, median and maximum abundances of trichomes or nifH gene transcripts. Abundances in 

(a) are represented by successive increase in size of circles. Figure inset in (a, bottom-left) shows the relationship between fall and winter trichome 

abundance with sea surface temperature. Abundances in (b) are represented by successive increase in colour from yellow (minimum) to red 

(maximum). Image created using JMP® Pro (v13.1.0, www.jmp.com) and Microsoft Office Suite (v16.9.1).  

 

http://www.jmp.com/
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Trichodesmium spatial distribution between fall and winter varies. In fall, Trichodesmium was 

more abundant in north Red Sea (Fig. 3a), but more dominant in the south during winter (Fig. 

3b), characterized by warmer temperature in winter. One station in the central region, which 

was sampled in fall, was observed to have trichome concentration of more than 600 trichomes 

per litre (Fig. 3a) – about 5 times above the mean concentration observed in same season. 

Although Trichodesmium was not as abundant as in winter, stations in the central region close 

to the King Abdullah University of Science and Technology (KAUST) continued to show 

trichome concentrations above the seasonal average (Fig. 3b).  

 

Figure 3. Latitudinal distribution of Trichodesmium on Red Sea surface water during (a) fall 

and (b) winter. 

 

4.4.3 Trichodesmium nifH gene and transcript abundances along the EEZ 

The number of Trichodesmium-associated nifH gene and transcripts were only determined 

from the fall samples because DNA and RNA were not sampled in winter. Our correlation 

analysis (Supplementary Table S1) showed that temperature correlated negatively to trichome 

abundance (R= -0.41, P= 0.05), but it is positively correlated to the abundance of nifH 

transcripts (R=0.68, P<0.0001).  While trichome abundance did not correlate with the 



 

 

150  

abundance of nifH gene (R=0.08, P=0.71), trichome abundance correlate negatively with nifH 

transcript abundances (R= -0.42, P=0.04).  

 

Both gene and transcript abundances correlate positively (R=0.45, P=0.03). On that account, 

the ratio between the number of nifH transcripts and gene was used as a proxy for the scope of 

N2-fixation activity supported by Trichodesmium. In the fall samples, an average of 11.6 ± 0.2 

nifH transcripts per gene were detected, where the highest number of transcripts per gene was 

observed in samples from southern stations (not shown).  

 

4.4.4 Seasonal change in Trichodesmium abundance in central Red Sea 

Our one-year time-series observation in the central Red Sea showed that the average 

population of Trichodesmium is 10.5 ± 8.7 trichomes per litre. Trichodesmium was 

particularly abundant in mid-October and mid-May, where its abundance was recorded to be 

174 and 20 trichomes per litre, respectively (Fig. 4a).  

 

The abundance of nifH gene correlated with temperature (R=0.54, P=0.03) (Supplementary 

Table S2). Temperature also correlated negatively to the abundance of nifH transcripts per 

gene (R= -0.58, P=0.02). A normal distribution of trichome abundance with temperature 

indicated an optimal temperature for maximum Trichodesmium abundance at 29.5 ± 3.6°C 

(R2=0.06, P=0.02) (Fig. 4b). 
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Figure 4. Trichodesmium-associated abundance in central Red Sea sea-surface water. (a) Abundance expressed as number of trichomes per litre (b) 

Abundance with respect to sea-surface temperature. Solid black line represents normal distribution. Range between upper and lower 95% confidence 

intervals are shaded in orange. 
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Figure 5. Trichodesmium-associated abundance in central Red Sea sea-surface water. Abundances expressed as (a) number of nifH genes per 

trichome and (b) number of nifH transcripts per gene. 



 

 

153  

Table 1. Seasonal average number of:  trichomes per litre, nifH gene per trichome, and nifH 

transcripts per nifH gene 

 
Trichomes  

per litre 

 
nifH gene per 

trichome (x1011) 
 

nifH transcripts per 
nifH gene 

Fall 29.45 ± 29.03 9.58 ± 5.83 
 

0.68 ± 0.61 
 

Winter 0.26 ± 0.06 0.55 ± 0.16 
 

0.37 ± 0.14 
 

Spring 3.42 ± 3.23 0.16 ± 0.09 
 

5.82 ± 2.15 
 

Summer 0.44 ± 0.26 0.98 ± 0.51 
 

0.43 ± 0.24 
 

 

The number of nifH gene significantly increased with trichome counts (R=0.54, P=0.03) 

(Supplementary Table S2) with the highest abundance of nifH gene observed in fall (Fig. 5a, 

Table 1). The number of nifH transcripts per gene, however, did not correlate with trichome 

counts (R<0, P=0.42). Unlike the abundance of nifH gene, nifH transcripts were more 

abundant in spring than in fall (Fig. 5b, Table 1), suggesting nitrogen fixation to be 

particularly active in spring.  

 

4.4.5 Assessment of Trichodesmium optimum temperature 

We merged all data on the abundances of Trichodesmium and nifH gene and transcripts 

obtained in this study (cruises and time-series assessment) to better examine the relationship 

between Trichodesmium abundance and temperature suggested above. The Trichodesmium 

trichome abundance fitted to a normal distribution with temperature, suggesting optimal 
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trichome abundance at 28.5±2.8 °C (R2 = 0.1905, P<0.0001) (Fig. 6). However, the combined 

data of nifH gene and transcripts did not show any relationship with temperature (P > 0.05). 

 

 

Figure 6. Abundance of trichomes abundances coalesced from all cruises in this study with 

respect to sea-surface temperature. Solid black line represents normal distribution. Range 

between upper and lower 95% confidence intervals are shaded in orange. 
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Figure 7. Mean abundances of Trichodesmium in the Red Sea and other ocean areas. The 

sources of the data were derived from one/more of the following sampling methods: niskin 

(+); neuston net (*); and/or bucket (#). Sources of values used in this figure is summarized in 

Table 2.  
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Table 2. References for Figure 7 

 
Region 
 

 
Sampling method 

 

 
Reference 

 
 
Red Sea (Red Sea Time 
Series Station) 
 

 
net haul 

 
This study 

Red Sea 
 

net haul This study 

Red Sea (Kebrit Deep & 
Atlantic II Deep) 
 

net haul 34 

Tropical & Subtropical 
Indian Ocean 

net haul 35 

 
Red Sea (Gulf of Aqaba) 

 
net haul 

 
30 

 
Tropical & Subtropical 
Pacific 
 

 
net haul 

 
35 

Tropical & Subtropical 
Atlantic 
 

net haul 35 

Subtropical North Pacific 
(HOTS) 
 

niskin bottle 36 

South East China Sea 
 

niskin bottle 37 

Tropical North Atlantic 
 

niskin bottle 38 

Great Barrier Reef 
 

niskin bottle 39 

Tropical & Subtropical South 
Atlantic 
 

niskin bottle, net haul Agusti et al. (unpublished) 

Tropical & Subtropical North 
Atlantic 
 

niskin bottle, net haul Agusti et al. (unpublished) 

Tropical Southwest Pacific 
(New Caledonia & Fiji) 
 

niskin bottle, net haul 40 

Atlantic Meridional transect 
 

niskin bottle, net haul, bucket 41 

Central Arabian Sea niskin bottle, bucket 42 
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4.5 DISCUSSION 

The Red Sea has long been proclaimed as a hotspot for Trichodesmium, but its population 

structure, spatial and seasonal variations in the system have not yet been described. As one of 

the key diazotrophs contributing to new nitrogen production in oceans, knowledge on the 

density and distribution patterns of the genus is fundamental in order to ultimately determine 

its contribution to new nitrogen production in the system.  

 

Trichodesmium are morphologically similar despite their geographical origin (Jason et al., 

1995). Using morphological characteristics described by Janson et al (1995), we identified T. 

erythraeum and T. thiebautii as the main species of Trichodesmium that are found in the Red 

Sea. These species of Trichodesmium are known to belong to Clades I and III respectively, 

and differences in their physiologies have been described in earlier literatures 11,43. Consistent 

with the literatures, the more temperature-resistant T. eythraeum (Clade I) was more 

abundant in the warmer, fall cruise, while T. thiebautii (Clade III) was more apparent in the 

winter, where physical water-mass dynamics across the system are believed to be the most 

likely causes of the Trichodesmium distribution we observed. Convective sinking of Red Sea 

surface water in winter 44, could explain the low abundance of Trichodesmium observed in 

the northern region. Further, the existence of a large permanent cyclonic gyre in the north 44, 

could have also caused the depth-adapted T. thiebautii (Clade III) to resurface, resulting in 

the population of T. thiebautii (Clade III) that we observed in winter. Concurrently, wind 

stress could have intensified the intrusion of water from the Indian Ocean in the southern Red 

Sea 44, which could have introduced Indian Ocean-derived species of Trichodesmium into the 

system, resulting, together with the more favorable winter temperatures in the south, in the 

high Trichodesmium abundance observed in the southern Red Sea during winter.  
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Although microscopic observations are useful in providing morphological details and 

absolute cell count of the organism, genomic approaches may also be useful to accurately 

identify the species observed in the future. To resolve species within Trichodesmium, a few 

housekeeping and N2-fixation-related genes (16S rRNA, 16S-23S ITS region, nifH and hetR) 

are often targeted 45. These genes exhibit various degree of interclade sequence similarity 43 

and will therefore help to discriminate species within Trichodesmium more accurately than 

microscopy, and serve as a useful tool for verifying microscopic cell counts. However, 

despite the lack of genome-based analyses in the present study, previous study on the Red 

Sea have confirmed the existence of T. erythraeum and T. thiebautii in the system 46. 

Trichodesmium was referred to as the most abundant cyanobacteria in the Red Sea, with T. 

erythraeum and T. thiebautii to contribute about 26.5% and 24% of the total counts of 

Cyanophyceae in the system 46.  

 

A difficulty to compare our results on Trichodesmium abundance in the Red Sea with its 

abundance in other ocean regions is that trichome counts reported in the literature have been 

derived from several different sampling techniques, including the use of net hauls, niskin 

bottles and buckets, and were also reported in various units. Therefore, we unified the units 

as the number of trichomes observed per litre to allow comparison of the abundance 

estimates derived here with published reports (Fig. 7, Table 2). The average abundance of 

Trichodesmium observed from our fall and winter cruises was 47 trichomes per litre, while 

the average abundance at our time-series station was lower, at 10 trichomes per litre. Station 

ALOHA, a well- and consistently-studied oligotrophic region in the North Pacific gyre 

showed Trichodesmium abundance similar to those we obtained at the Red Sea (Fig. 7, Table 

2). It is possible that our estimates may represent lower estimates, as net-based counts have 

been shown to underestimate the abundance of free trichomes 47. However, other net-based 
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studies in the Atlantic and Pacific oceans reported very high trichome counts of 

approximately 1.18x104 and 6.3x103 trichomes per litre, respectively (Fig. 7). Previous net-

based trichome counts for the the Red Sea also tend to be higher than those reported here 

(Fig. 7). Trichome counts at a location close to the brine pools (Kebrit Deep & Atlantis II 

Deep) was reported to be 55 trichomes per litre 34, while trichome counts from the 

northernmost part of the Red Sea, the Gulf of Aqaba, were reported to be 767 trichomes per 

litre 30. Although these reports showed higher counts, it is worth noting that these counts were 

obtained from net hauls of smaller mesh size (100-µm). Thus, it is likely that our current 

observation is underestimating the true abundance of Trichodesmium in the system. 

Alternatively, it is possible that the literature may biased toward reporting maximal 

abundance sampled during conspicuous Trichodesmium blooms, rather than systematic 

surveys, such as those reported here and in the ALOHA station. 

 

Understanding the abundance of Trichodesmium within tropical marine ecosystems is 

important because of its significance in the nitrogen and carbon biogeochemical processes. 

This is particularly important in the Red Sea, where the absence of riverine inputs render N2-

fixation an important source of new nitrogen to the system. Knowing factors that can control 

its biogeochemical functions may also consequently aid us in understanding its response to 

future climate changes. We found that Red Sea Trichodesmium tends to dominate the surface 

water in the fall, and that its abundance in the system is mostly driven by temperature. 

Although the constraint that temperature imposes on the physiology of Trichodesmium is still 

not fully understood, temperatures up to 32oC, nonetheless, has been shown to enhance the 

photosynthetic efficiency in Trichodesmium IMS101 48.  The temperature-Trichodesmium 

abundance curve obtained for the Red Sea suggests that fall is a period particularly 

favourable to the development of Trichodesmium in the Red Sea. Whereas the fall may be 
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most favorable for Trichodesmium, spring might be the most favourable period for N2-

fixation, as suggested by the high number of nifH transcripts detected in spring (Fig. 5).  The 

summer decline of Trichodesmium in the Red Sea is likely forced by high temperatures 

during the summer (~34°C), above the optimum for Trichodesmium.  As the Red Sea is 

warming rapidly49, the summer minima of Trichodesmium is likely to become more 

pronounced in the future.  

 

Although understanding the distribution of the species in the system is crucial, information 

on the presence/absence and absolute abundance of Trichodesmium is insufficient to 

determine the extent of nitrogen fixation activity in the system. Generally, nitrogen fixation 

activity may be determined through shipboard measurements of nitrogen fixation rates or by 

quantifying the expression of nifH gene by quantifying nifH transcripts via molecular 

quantification methods such as quantitative PCR (qPCR). Although quantification of the nifH 

transcripts reflects the degree of nifH gene expression and can thus be used as a proxy for 

nitrogen fixation activity in Trichodesmium, isolation of RNA is often problematic because 

RNA is labile and has a short half-life. Furthermore, the duration of sample handling and 

processing onboard the ship, as well as sample storage may also affect the quality of the 

RNA. More importantly, RNA template needs to be free from contamination that could 

contribute to the final amplification signal in the qPCR. Indeed, the expression of the nifH 

gene was undetectable in some of our samples. Nonetheless, results from this study may still 

serve as a good baseline to understanding the temporal patterns of N2-fixation activity in the 

system, an information that remain poorly documented. Future studies on Trichodesmium 

population in this system should include shipboard nitrogen fixation rate measurements 

together with nifH transcript counts, to have direct estimates of the production of new 

nitrogen by Trichodesmium in the Red Sea.  



 

 

161  

 

4.6 CONCLUSION 

Our study provided a baseline for understanding Trichodesmium population structure, spatial 

patterns and temporal variations in the oligotrophic Red Sea. We found Trichodesmium to be 

abundant and thrive well in the warm, Red Sea waters. T. erythraeum and T. thiebutii were 

identified as species that are affiliated to the Red Sea, and they dominated different seasons. 

Our analysis showed a peak in Trichodesmium abundance in fall and a peak in nifH gene 

expression in spring. The present study also found Trichodesmium abundance and nifH gene 

expression to be temperature-dependent. A peak in Trichodesmium abundance, and thus 

growth, was observed between 25.7 – 31.3°C, with the optimal temperature for 

Trichodesmium abundance assessed to be 28.5 ± 2.8 °C. Further rise in temperature, 

especially during the summer, tends to cause a decline of Trichodesmium population. Further 

warming of the Red Sea is likely to lead to even more pronounced summer minima and 

reduce the supply of new nitrogen to the Red Sea during summer.  
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Supplementary Table S1.  Relationships between all variables from the Fall cruise samples. 

Values are reported as non-parametric Spearman correlation coefficient (R) and values in 

parentheses corresponds to P-values. Statistically significant relationships (P≤ 0.05) are 

highlighted in bold.   

 

Temperatu
re (°C) 

Salinity 
(psu) 

No. of 
trichomes 
L-1 

No. of 
nifH 
genes L-1 

No. of 
nifH 
transcript
s L-1 

No. of nifH 
transcripts 
gene-1 

No. of 
nifH 
transcripts 
trichome-1 

Temperature 
(°C) 1.00       

Salinity (psu) -0.89 
(<0.0001) 1.00      

No. of 
trichomes L-1 -0.41 (0.05) 0.34 (0.10) 1.00     

No. of nifH 
genes L-1 0.39 (0.06) -0.22 (0.29) 0.08 (0.71) 1.00    

No. of nifH 
transcripts L-1 

0.68 
(<0.0001) 

-0.56 
(<0.0001) -0.29 (0.17) 0.45 (0.03) 1.00   

No. of nifH 
transcripts 
gene-1 

0.33 (0.12) -0.34 (0.10) -0.42 (0.04) -0.37 
(0.07) 

0.59 
(<0.0001) 1.00  

No. of nifH 
transcripts 
trichome-1 

0.69 
(<0.0001) 

-0.56 
(<0.0001) -0.44 (0.03) 0.41 (0.04) 0.98 

(<0.0001) 
0.61 
(<0.0001) 1.00 
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Supplementary Table S2.  Relationships between all variables from time-series samples. 

Values are reported as non-parametric Spearman correlation coefficient (R) and values in 

parentheses corresponds to P-values. Statistically significant relationships (P≤ 0.05) are 

highlighted in bold.   

 

Temper
ature 
(°C) 

Salinit
y (psu) 

 
 
Chl-a 
(µg/L) 

No. of 
trichom
es L-1 

No. of 
nifH genes 
L-1 

 
No. of 
nifH 
genes 
trichom
e-1 

No. of 
nifH 
transcr
ipts L-1 

No. of 
nifH 
transcr
ipts 
gene-1 

No. of 
nifH 
transc
ripts 
tricho
me-1 

Temperature 
(°C) 1.00         

Salinity (psu) 0.37 
(0.11) 1.00        

Chl-a (µg/L) -0.57 
(0.01) 

0.46 
(0.04) 1.00       

No. of 
trichomes L-1 

0.06 
(0.79) 

0.04 
(0.88) 

0.14 
(0.54) 1.00      

No. of nifH 
genes L-1 

0.54 
(0.03) 

-0.17 
(0.52) 

0.09 
(0.74) 

0.54 
(0.03) 1.00     

No. of nifH 
genes 
trichome-1 

0.50 
(0.05) 

0.09 
(0.73) 

-0.17 
(0.54) 

-0.33 
(0.22) 0.46 (0.08) 1.00    

No. of nifH 
transcripts L-1 

0.19 
(0.45) 

-0.35 
(0.17) 

0.16 
(0.53) 

0.37 
(0.14) 0.50 (0.05) -0.04 

(0.87) 1.00   

No. of nifH 
transcripts 
gene-1 

-0.58 
(0.02) 

-0.07 
(0.78) 

0.17 
(0.53) 

-0.21 
(0.42) 

-0.73 
(<0.0001) 

-0.63 
(0.01) 

0.18 
(0.50) 1.00  

No. of nifH 
transcripts 
trichome-1 

-0.05 
(0.86) 

-0.21 
(0.42) 

-0.04 
(0.87) 

-0.58 
(0.02) 

-0.15 
(0.57) 

0.39 
(0.14) 

0.40 
(0.12) 

0.37 
(0.15) 1.00 
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OVERALL CONCLUSIONS  

 
Microorganisms are the Earth’s processing factories of biological, chemical, and geological 

materials. Microbes exert a strong impact on the environment and have a strong potential to 

influence the Earth’s climate. In ensuring the constant supply of nitrogen in oceans, 

planktonic diazotrophs work as free-living organisms, or in symbioses with host organisms, 

to convert copious nitrogen gas supplied from the atmosphere to reactive forms of nitrogen to 

fuel ecosystem demands.     

 

Despite the importance of nitrogen to an ecosystem, the structure of the diazotroph 

communities between ecosystems are not necessarily uniform. Distributions of microbes are 

generally governed by the interplay between transport processes, growth rates and 

populations sizes, along with ecological requirements. The advent of molecular technologies, 

such as next-generation sequencing, has provided an avenue to discovering microbes 

involved in performing various key functions, along with their distribution, and the processes 

they regulate in greater detail. The four main chapters of this dissertation uses genomic tools 

to examine the community structure of marine diazotrophs in tropical and subtropical oceans, 

with a particular focus on the Red Sea, the warmest and most oligotrophic of all seas.  In 

doing so, the results presented contribute to delineate an important component of 

biogeochemical and biogeography of diazotrophs in the oceans.  

 

As the number of nifH genes deposited in the databases expand and the choice of nifH-

specific primers diversify, there is a need to evaluate on the workability of the primers on 

various environmental samples, prior to its use in next-generation sequencing. We addressed 

the workability of the Ando et al. (2010) primers for use on marine seawater samples in 

Chapter 1 and observed that despite its excellent performance in silico, and on soil and 
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culture isolates, its application on seawater samples tend to be bias towards nifH-like gene 

sequences that do not correspond to N2-fixing capability. We compared the aforementioned 

primer with those of Zehr and McReynolds (1989) and found that the latter yields a plethora 

of functional nifH gene sequences. The biased primer set is therefore, also not suitable for use 

in quantifying the absolute abundance of nifH gene via qPCR, as this will provide a skewed 

view of the abundance of the diazotroph community. Chapter 1 is therefore, particularly 

useful as a guide for researchers seeking universal nifH primers for use in evaluating nifH 

gene distributions, particularly in plankton communities.   

 

Using the optimized nested PCR method that we have established in Chapter 1, the technique 

was used to evaluate on the community structure of diazotrophs from the Pacific, Atlantic, 

and Indian Oceans (Chapter 3), as well as the ultra-oligotrophic Red Sea (Chapter 2).  We 

observed the ubiquity of cyanobacterial and non-cyanobacterial species of diazotrophs in the 

global tropical and subtropical oceans, and learned that fluctuations in their abundances are 

mainly temperature-related. Trichodesmium, UCYN-A and gammaproteobacteria of the 

genus Pseudomonas, are ubiquitous in these oligotrophic oceans. Trichodesmium tend to 

settle in warmer waters between 25.8 – 30.4°C, while UCYN-A tend to prefer cooler waters 

between 18.4 – 25.6°C. In Chapters 2 and 4, we investigated the thermal limits of 

Trichodesmium and UCYN-A further, by monitoring the change in their abundance in the 

Red Sea, a system exposed to year-round high temperatures of >25°C. This dissertation, thus, 

not only contributes to understanding the effects of future rising temperature on the natural 

populations of these diazotrophs, but it also establishes a baseline understanding of the 

structure, spatial and temporal dynamics of Red Sea diazotrophs (Chapter 2) and its 

Trichodesmium population (Chapter 4).   
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Red Sea Trichodesmium population consist of mainly T. erythraeum and T. thiebautii and 

they dominated different seasons. In Chapter 4, we showed that Red Sea Trichodesmium 

population tend to peak in fall and nifH gene expression heightens in spring. A peak in 

Trichodesmium abundance, and thus growth, was observed between 25.7 – 31.3°C, with the 

optimal temperature for Trichodesmium abundance assessed to be 28.5 ± 2.8 °C. Further rise 

in temperature, especially during the summer, tends to cause a collapse of Trichodesmium 

population. Further warming of the Red Sea is likely to lead to even more pronounced 

summer minima and reduction of new nitrogen to the system. 

 

Besides the usual suspects of marine N2-fixation, the presence of non-cyanobacterial species 

of diazotrophs were also highlighted in Chapter 3. Non-cyanobacterial species of diazotrophs 

tend to be dominant in areas of low N2-fixation rates and where Trichodesmium tends to be 

abundant. To this end, we assume that these non-cyanobacterial species form part of the 

Trichodesmium-associated consortia, which has been a topic widely searched on as of late. In 

addition, we submit that the prevalence of Pseudomonas, specifically in Chapter 2, could be 

an indication of active N2-fixation by the species. Besides the organisms discussed above, we 

also provided evidence of the widespread distribution of alternative nitrogenases (Cluster II) 

in the global ocean. This hints to us that diazotrophs could possibly be more versatile than 

previously-thought, and we should perhaps also consider the influence of atmospheric 

vanadium depositions on marine N2-fixation in the future.    

 

Further investigations in the Red Sea N2-fixation process should consider performing on-field 

N2-fixation rate measurements since nifH gene abundances do not seem to be a reliable 

predictor of N2-fixation rates. Cell-specific N2-fixation rates using methods such as high-

resolution nanometer-scale secondary ion mass spectrometry (NanoSIMS) can also be 
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explored in the future so as to discern the extent of contribution of individual diazotrophs to 

new nitrogen production. Single-cell genomics can be applied to supplement the results in 

this dissertation. This will thereby, allow us to delve deeper into the large pool of unknowns 

that we reported, that currently form a major gap in our understanding of the organisms 

supporting N2-fixation in the ocean. Future studies should also be dedicated toward 

establishing a standard protocol for processing nifH gene sequences, much like those for the 

16S rRNA gene, in order to ensure that cross-studies comparisons are unbiased. A minimum 

percentage of identity that is required by BLAST to determine new species of diazotrophs, 

also needs to be established for the nifH gene, as there has been inconsistencies in the use of 

the values (95 – 98% similarity cut-offs). This is vital because the stringency of sequence 

filtering may eventually influence the diversity of the diazotroph community that will be 

observed.   
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