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Abstract 

Katie J. Harding 

Insights into Marine Unicellular Cyanobacterial and Non-Cyanobacterial 

Diazotrophs through single-cell analyses 

Nutrient availability affects primary productivity, and nitrogen (N) is the 

limiting nutrient over large regions of the ocean. Biological N fixation (BNF) is the 

conversion of atmospheric dinitrogen (N2) to bioavailable forms of N (ammonium 

and amino acids). A select group of Bacteria and Archaea, known as diazotrophs, are 

the only organisms capable of this conversion. BNF is a critical source of N in 

nutrient-depleted (oligotrophic) marine waters. As such, BNF studies are a 

fundamental component for better understanding primary productivity and carbon 

cycling, as well as parameterizing predictive future global ocean models. Unicellular 

diazotrophs are widespread in marine systems and, in some cases, important 

contributors of BNF. This dissertation investigates unicellular diazotrophs at the 

single-cell level, including UCYN-A, a cyanobacterial diazotroph that lives in 

symbiosis with an algal host, non-cyanobacterial diazotrophs (NCDs), which are 

putative heterotrophs, and a specific NCD known as Gamma A, which is a commonly 

occurring organism throughout the tropics and subtropics that belongs to the class 

Gammaproteobacteria. The single-cell investigations used in these studies can 

provide high-resolution insights that are not possible from community-level analyses 

of BNF, such as the N2 fixation rate of individual cells and cell morphology. Single-

cell nanoscale secondary ion mass spectrometry (nanoSIMS) analyses were used in 

chapters 2 and 3 to investigate the cell-specific N2 fixation rates of UCYN-A in the 
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cold waters of the Bering and Arctic Seas where N2 fixation was not previously 

believed to be possible (chapter 2), and NCDs in the North Pacific Subtropical Gyre 

where we demonstrated the first direct evidence of NCD N2 fixation on open ocean 

particles (chapter 3). Chapter 4 focused on a specific uncultivated NCD, Gamma A, 

using geneFISH to visualize single cells in natural seawater samples. We successfully 

identified Gamma A cells by developing a fluorescent in situ hybridization (FISH) 

probe targeting the diazotrophic functional marker gene nifH, revealing Gamma A 

cells are most often attached to particles. Together these studies provide new insights 

into the distributions, activities, and physiologies of geographically widespread, 

unicellular diazotrophs, thus improving our understanding of their roles as sources of 

fixed N in the surface ocean. 
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Chapter 1: Introduction 

 The oceans cover approximately ¾ of the Earth’s surface and are responsible 

for about half of biological productivity. The productivity of the oceans is important 

for marine food webs but also the cycling of carbon and trace gases between the 

atmosphere and the oceans. Thus, marine ecosystems play critical roles in food webs 

and greenhouse gas formation and consumption. Although life in the ocean includes 

the easily visible whales and fish, the less visible microscopic microorganisms are 

much more abundant and play critical roles in primary productivity and 

biogeochemical cycles. Photosynthetic unicellular eukaryotes and cyanobacteria, or 

phytoplankton, convert carbon dioxide (CO2) into organic carbon (C), known as 

primary productivity. Primary productivity forms the base of the food chain in both 

marine and terrestrial ecosystems. In marine systems, the organic C produced by 

phytoplankton is transferred up the food web into larger organisms such as 

zooplankton, fish, and whales. However, fixed C is ultimately recycled back to CO2 

by heterotrophic bacteria. The productivity of marine food webs is controlled by the 

availability of nutrients, just as it is in terrestrial ecosystems. One of the most 

important nutrients that are often present in limiting amounts is nitrogen (N), even 

though N2 gas is abundant in Earth’s atmosphere. Only certain microorganisms can 

draw upon this pool of nitrogen, called N2-fixers or diazotrophs, which are important 

in marine and terrestrial ecosystems. Marine N2-fixers are the subject of this 

dissertation.  
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Marine primary producers remove as much CO2 from the atmosphere as terrestrial 

plants accounting for half of the oxygen produced globally (Falkowski et al., 1998; 

Field et al., 1998). Phytoplankton in the surface ocean are responsible for most of the 

primary productivity in the oceans. Marine primary production removes CO2, a 

greenhouse gas, from the atmosphere, generating organic C, which forms the basis of 

the marine food web. Organic C can then be incorporated into large cells or fecal 

pellets, which sink out of the euphotic zone (> 200 m), effectively removing C and 

nitrogen (N) from atmospheric circulation by sequestration in deep water and 

sediments. Up to 1/3 of phytoplankton fixed C is sequestered in the deep sea 

facilitated by biological incorporation and sinking, causing C transfer against the 

concentration gradient known as the biological carbon pump (Falkowski et al., 1998; 

Karl et al., 2002; Siegenthaler and Sarmiento, 1971). Primary productivity is 

intrinsically linked with biogeochemical cycles that dictate nutrient availability, all of 

which include microbial processes (Falkowski, 2015; Falkowski et al., 2008). The 

projects summarized in this dissertation focus on the microbial process of biological 

nitrogen fixation (BNF), an important component of the N cycle that provides N in 

nutrient-limited surface waters and fuels primary productivity and C sequestration. 

Nitrogen Budget 

Primary productivity is limited by the availability of nutrients such as N, 

phosphorus, and iron (Dugdale and Goering, 1967; Falkowski et al., 1998). In vast 

areas of the global ocean, primary productivity is limited by N (Capone et al., 1997; 

Dugdale and Goering, 1967; Falkowski et al., 1998; Lipschultz and Owens, 1996). N 
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is essential for life as it is used in cells for nucleic acids and proteins. There is a vast 

supply of dinitrogen (N2) in the atmosphere, but most organisms cannot use it. The 

select group of organisms that can use N2 are known as diazotrophs and can break the 

stable triple bond that makes the molecule nearly inert to all other organisms (Howard 

and Rees, 1996). Nitrate (NO3
-), ammonium (NH4

+), and urea are more biologically 

accessible forms of N. NH4
+ and urea are products of degraded organic matter such as 

dead cells and are rapidly recycled within the euphotic zone (Ward, 2012; Zehr and 

Kudela, 2011). NO3
- primarily originates from terrestrial sources, including 

weathering of rocks and riverine input. In the open ocean, away from terrestrial 

sources, NO3
- is mixed into the surface layers from nutrient-rich deep water. 

Deepwater is nutrient-rich due to the mineralization of organic matter sinking below 

the euphotic zone, which produces NH4
+ (Ward, 2012; Zehr and Kudela, 2011). 

Below the photic zone, NH4
+ is oxidized to NO3

- through nitrification, resulting in 

increasing concentrations of NO3
- as the water ages (Caffrey et al., 2007; Wuchter et 

al., 2006). However, stratification and quiescent waters limit vertical mixing in the 

subtropics and tropics, resulting in NO3
- depleted surface waters (Karl et al., 2002). 

NH4
+ and NO3

- are involved in biogeochemical cycles apart from acting solely as N 

sources. As mentioned, NH4
+ serves as an electron and energy source in ammonia 

oxidation (Caffrey et al., 2007; Wuchter et al., 2006) but also in anaerobic ammonia 

oxidation known as anammox (Van de Graaf et al., 1995). NO3
- is used as an 

alternative electron acceptor (NO3
-) in anaerobic denitrification (Ward, 2012; Zumft, 

1997). Primary productivity depends on bioavailable forms of N; therefore, knowing 
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the processes involved and balances between N sources and sinks provides a better 

understanding of primary productivity rates and limitations.  

The overall productivity of a system depends on the balance between sources 

of fixed N and sinks of fixed N. In marine systems, the balance is defined by 

denitrification and anammox as losses of fixed N and deepwater mixing, atmospheric 

deposition, and BNF as sources of fixed N (Codispoti, 2007; Galloway et al., 2004; 

Gruber and Sarmiento, 1997; Duce et al., 2008). Denitrification is an anaerobic 

process that removes bio-available NO3
- from ecosystems through sequential 

reduction to N2 gas (NO3
- → NO2

- → NO → N2O → N2) mediated primarily by 

heterotrophic bacteria that use oxidized inorganic N compounds for respiration in the 

absence of O2 (Ward, Capone, & Zehr, 2007, Gruber 2008). The other main loss of 

NO3
- is through anammox. Anammox is an alternative microbial respiration strategy 

that uses NO2
- and NH4

+ for anaerobic autotrophic growth-producing N2 (Van de 

Graaf et al., 1995; Kartal et al., 2012; Ward et al., 2007). Both denitrification and 

anammox occur in low O2 and anaerobic environments such as sediments and oxygen 

minimum zones. Although fixed N is lost strictly in low O2 environments, it affects 

the productivity of the larger system as the availability of fixed N depends on the 

balance of losses and gains.   

An evaluation of the global marine N budget revealed an imbalance: N sinks 

such as denitrification and anammox were much larger than N sources such as BNF. 

The missing source of N was thought to be an underestimation of BNF in the surface 

ocean (Codispoti, 2007; Gruber and Sarmiento, 1997). BNF represents one of the 
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largest uncertainties of the global N budget (Galloway et al., 2004), and global marine 

estimates vary widely from 100 to 200 Tg N fixed annually (Karl et al., 2002; Wang 

et al., 2019). The considerable variation and potential underestimation of BNF are 

due to many factors (Zehr and Capone 2021). N2 fixation rate measurements are 

relatively sparse in the expansive ocean, and there may be N2-fixers that have not yet 

unidentified (Ward et al., 2007). In addition, there are methodological problems for 

directly measuring rates. For example, recent studies showed BNF rates determined 

using calculated 15N2 concentrations were overestimated, creating a significant 

underestimation of the BNF rates (Mohr et al., 2010). Additionally, the unicellular 

cyanobacteria UCYN-A and its widespread distribution were only acknowledged as a 

globally significant contributor to BNF within the last two decades (Farnelid et al., 

2016; Martínez-Pérez et al., 2016; Moisander et al., 2010; Montoya et al., 2004). 

Even more recently, previously unidentified NCDs within Planctomycetes and 

Micavibrionaceae were found to have the potential to fix N2, which have never 

previously been linked with BNF (Delmont et al., 2018; Poff et al., 2021). Although 

whether Planctomycetes fix N2 in the surface ocean has not been demonstrated, their 

recent identification indicates that the known diazotrophic diversity is continuing to 

expand. The projects described in this dissertation endeavor to provide detailed 

information on BNF rates of UCYN-A in unexpected locations (cold northern 

latitudes), measure BNF rates of largely ignored NCDs in the surface ocean, and gain 

insight into the functional lifestyle of the commonly occurring NCD Gamma A, all of 

which will help parameterize global BNF estimates. 
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Biological Nitrogen Fixation 

In the open ocean, away from terrestrial sources of N, BNF is an essential 

source of bioavailable (fixed) N. BNF is one of the main sources of N responsible for 

maintaining the balance of fixed N in the euphotic zone due to N loss via sinking 

organic matter, these additions of fixed N allow for C sequestration (Galloway et al., 

2004, 2008; Luo et al., 2012; Sohm et al., 2011). N fixed by BNF can fuel up to 50% 

of the primary productivity in oligotrophic regions (Karl et al., 2002). Diazotrophs are 

a select but diverse group of Bacteria and Archaea and the only organisms capable of 

BNF, which allows organisms to use atmospheric N2 as a N source to produce 

ammonia which is then assimilated into amino and nucleic acids (Capone et al., 2005; 

Karl et al., 2008; Zehr and Kudela, 2011). N2 fixation is carried out by the highly 

conserved nitrogenase enzyme (Howard and Rees, 1996), a two-component 

metalloenzyme consisting of an iron (Fe) protein and a molybdenum iron (MoFe) 

protein. Alternative metal-containing nitrogenases exist, but the Fe/MoFe enzyme is 

the predominant enzyme, especially in the surface ocean (Farnelid et al., 2011; Zehr 

et al., 2003; Zehr and Capone 2021; Zhang et al., 2016). Interestingly, the nitrogenase 

enzyme is irreversibly damaged by O2, so diazotrophs have developed various O2 

protection strategies to carry out the reaction (Berman-Frank et al., 2003; Inomura et 

al., 2017; Paerl et al., 2018). The conversion of N2 into ammonia is energetically 

expensive due to the stability of the N triple bond. The reaction requires 16 ATP and 

eight electrons per molecule N2 reduced according to the equation: N2 + 8H+ + 8e- + 

16MgATP → 2NH3 + H2 + 16MgADP +16Pi (Howard and Rees, 1996). Aside from 



7 

 

the ATP required for the N2 fixation, the reaction also loses energy in the form of 

hydrogen (H2) in a 1 to 1 stoichiometry with N2. However, much of the H2 is directly 

recycled back to the cell through efficient uptake hydrogenases recuperating some of 

the energy lost in BNF (Wilson et al., 2010a, 2010b).  The rate of this energetically 

costly process can alleviate N limitation in ecosystems, thus fueling biological 

productivity.  

Diazotrophs are diverse, with N2 fixation capabilities scattered throughout the 

phylogenetic tree of prokaryotes. The diversity can be grouped into four general 

functional categories of open ocean diazotrophs. The first is filamentous 

cyanobacteria, such as Trichodesmium (Breitbarth et al., 2007; Capone et al., 1997), 

which can form large blooms visible to the unaided eye (Carpenter and Capone, 1992; 

McKinna, 2015). Trichodesmium is easily identified by microscopy as multi-filament 

colonies known as puffs and tuffs and occurs as individual filaments of ~100 cells 

known as trichomes (Gradoville et al., 2017; Karl et al., 2002). The second group is 

heterocyst-forming cyanobacteria, which form short filaments with differentiated 

heterocyst cells dedicated to N2 fixation (Villareal, 1990, 1994). Heterocyst-forming 

diazotrophs such as Richelia are often found in symbioses with diatoms and, due to 

their heterocyst-containing morphology, can be identified by microscopy (Foster and 

Zehr, 2006). The third category is unicellular cyanobacteria, such as Crocosphaera 

and UCYN-A, which are single-cell cyanobacteria capable of N2 fixation (Rippka and 

Waterbury, 1977; Thompson et al., 2012; Webb et al., 2009; Zehr et al., 2001). 

Crocosphaera are common in warm oligotrophic waters and can be free-living or 
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aggregated depending on the strain (Bench et al., 2016). Some unicellular 

cyanobacteria such as Crocosphaera can be visually identified by their pigmentation, 

which contains phycoerythrin (Webb et al., 2009; Zehr et al., 2001). UCYN-A is an 

interesting unicellular cyanobacterium; it lives in symbiosis with a haptophyte host 

Braarudosphaera bigelowii or closely related species and has a greatly reduced 

genome lacking photosystem II, Rubisco, and the entire TCA cycle. UCYN-A also 

lacks the genes for most pigments (Tripp et al., 2010; Zehr et al., 2008), and therefore 

cannot be identified visually with traditional procedures based on cyanobacterial 

pigment fluorescence. There are several sublineages of UCYN-A known as A1 to A6 

(Turk-Kubo et al., 2017). Based on genome sequencing and visualization of UCYN-

A1 and A2, the sublineages live in obligate symbioses with different but related 

haptophyte hosts (Bombar et al., 2014; Thompson et al., 2014; Tripp et al., 2010; 

Zehr et al., 2008), have different morphologies (Cabello et al., 2015; Cornejo-Castillo 

et al., 2016), and occupy different ecological niches (Farnelid et al., 2016; Turk-Kubo 

et al., 2017). The last category is non-cyanobacterial diazotrophs (NCDs), a broad, 

diverse group of Bacteria or Archaea that have the genetic potential to fix N2 but are 

not cyanobacteria. NCDs in the surface ocean are putative heterotrophs or 

photoheterotrophs only identified by their nifH gene sequence (Farnelid et al., 2011), 

although metagenomic assemblies exist for some NCDs (Delmont et al., 2018; 

Salazar et al., 2019). NCDs have no known distinct morphology or pigmentation and 

therefore have not been visually identified. Very few surface ocean NCDs have been 

successfully cultured, and very little is known about these organisms, including 
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whether they contribute to BNF in the open ocean (Bombar et al., 2016; Moisander et 

al., 2017; Riemann et al., 2010). The projects included in this dissertation focus on 

the unicellular diazotrophs: UCYN-A, NCDs as a general group, and a specific, 

commonly occurring NCD known as Gamma A. 

O2 irreversibly damages the nitrogenase enzyme, yet diazotrophs manage to 

fix N2 in the oxygenated surface ocean (Berman-Frank et al., 2003; Karl et al., 2002). 

Cyanobacterial diazotrophs, which evolve O2 in oxygenic photosynthesis, have 

developed various strategies to mitigate nitrogenase inhibition by O2. As a general 

simplification, cyanobacterial diazotrophs separate O2 evolution from photosynthesis 

and BNF spatially or temporally. In N-limited environments, heterocyst-forming 

diazotrophs such as Richelia have a differentiated cell (heterocyst) among a chain of 

oxygenic photosynthesizing vegetative cells. The heterocyst fixes N2 for the 

photosynthesizing cells but does not perform oxygenic photosynthesis, keeping the 

cellular O2 concentration within the N2-fixing cell low, protecting the nitrogenase 

enzyme (Foster and Zehr, 2006; Stewart, 1973; Villareal, 1990, 1994). However, 

there are exceptions (such as UCYN-A and Trichodesmium) where the temporal or 

spatial separation does not follow these general patterns (Berman-Frank et al., 2007; 

Cornejo-Castillo and Zehr, 2019). 

Unicellular cyanobacteria such as Crocosphaera separate activities 

temporally, photosynthesizing and producing O2 in the daylight hours and fixing N2 

at night. Temporal separation requires that the organic C gained through 

photosynthesis is stored until it is respired at night, fueling BNF (Dron et al., 2012; 
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Schneegurt et al., 1994; Shi et al., 2010; Toepel et al., 2008). UCYN-A is an 

interesting exception in unicellular cyanobacteria; as mentioned, it has a greatly 

reduced genome that lacks genes encoding photosystem II, among many others (Tripp 

et al., 2010; Zehr et al., 2008) and is a symbiont of an oxygen-evolving phototrophic 

haptophyte alga. Therefore, it does not produce O2 and surprisingly fixes N2 during 

the day (Church et al., 2005a; Munoz-Marin Del Carmen et al., 2019). Even though 

UCYN-A does not produce O2, it still needs to protect the nitrogenase from O2 

produced from its symbiotic haptophyte host cell (Thompson et al., 2012). 

Bioinformatic analysis indicates UCYN-A may have a hopanoid-rich membrane to 

minimize O2 diffusion (Cornejo-Castillo and Zehr, 2019) from its photosynthetic 

host.  

Although NCDs do not produce O2 through photosynthesis, the organisms still 

need to protect the nitrogenase from O2 diffusion from the surrounding seawater. 

How NCDs mitigate O2 diffusion in the surface ocean remains a mystery (Bombar et 

al., 2016). Some terrestrial NCDs, such as Azotobacter vinelandii, sustain high 

respiration rates to maintain a reduced intracellular environment, thereby protecting 

the nitrogenase (Inomura et al., 2017; Sabra et al., 2000). In a different strategy, a 

NCD isolated from the Baltic Sea (Pseudomonas strain) formed aggregates with 

exopolysaccharides under aerobic conditions (Bentzon-Tilia et al., 2015a; Paerl et al., 

2018). However, both strategies are unlikely as they would be energetically 

challenging (Inomura et al., 2017) in the low-C waters of the oligotrophic ocean. 

Alternatively, evidence suggests that NCDs may live in the guts of invertebrates such 
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as copepods (Scavotto et al., 2015) or on particles (Farnelid et al., 2019; Pedersen et 

al., 2018), both microhabitats could harbor interior microaerobic zones (> 1 mm 

diameter) that would protect the nitrogenase from O2 (Klawonn et al., 2015a; Paerl 

and Prufert, 1987; Ploug, 2001). Additionally, as NCDs are likely heterotrophic, the 

high concentration of organic C present in invertebrate guts and on particles (Bombar 

et al., 2016; Bonnet et al., 2013; Moisander et al., 2012) could create an ideal niche 

for heterotrophically fueled N2-fixation. 

BNF in the surface ocean has traditionally been thought to occur in the 

nutrient-poor, warm surface waters of the tropical and subtropical ocean by 

cyanobacteria (Gruber and Sarmiento, 1997; Karl et al., 2002). Due to the costly 

energetics of BNF, the process was only expected to occur when low N availability 

selects for diazotrophs providing a competitive fitness when less expensive N uptake 

strategies are not available (Gruber and Sarmiento, 1997; Karl et al., 2002). 

Additionally, early studies on diazotrophs relied on microscopy, and the visually 

distinct N2-fixing cyanobacteria, Trichodesmium, have the highest abundances in 

warm (>20oC), oligotrophic waters (Breitbarth et al., 2007; Carpenter and Capone, 

1992). However, even after diazotroph identification was not solely reliant on 

microscopy, with the advent of DNA sequencing, studies continued to focus on 

cyanobacteria in warm oligotrophic water (Zehr and Bombar, 2015). This is likely 

because BNF is reliably found in these areas (Zehr and Bombar, 2015), and several 

well-studied diazotrophs, such as Trichodesmium (>20oC) and Crocosphaera 

(>25oC), have narrow temperature ranges limiting their distribution to warm waters 
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(Brauer et al., 2013; Stal, 2009). Within the last decade, the perception of where N2 

fixation can occur is shifting as increased studies investigate habitats outside the 

tropics and subtropics. Recently, diazotrophs have been found in unconventional 

locations, such as nutrient-replete coastal waters (Bentzon-Tilia et al., 2015b; 

Hamersley et al., 2011; Mills et al., 2020; Mulholland et al., 2012), polar regions 

(Blais et al., 2012; Shiozaki et al., 2017, 2020), and in the aphotic zone (Benavides et 

al., 2018a; Bonnet et al., 2013; Hewson et al., 2007; Poff et al., 2021; Rahav et al., 

2013). As the geographic distribution of diazotrophs is found to be more global, it is 

clear there is no simple answer as to which factors control diazotroph distribution. 

As the diversity of diazotrophs expands with sequencing approaches, so does 

understanding what factors influence BNF and diazotroph distribution. Light, 

temperature, and nutrients are the major factors that affect surface ocean diazotrophs, 

with the additional factor of C sources in the case of NCD. Light is essential for 

cyanobacterial diazotrophs, which provides the advantage of a reliable source of 

organic C through photosynthesis. Light is sufficient in the surface waters of the 

subtropics and tropics but would become a limiting factor if cyanobacterial 

diazotrophs sink out of the euphotic zone (Benavides et al., 2018a; Poff et al., 2021). 

Additionally, cyanobacteria at high latitudes would experience seasonal light 

limitation (Blais et al., 2012; Shiozaki et al., 2017). Interestingly, the NCD Gamma A 

abundances were found to have a significant positive correlation with light (Langlois 

et al., 2015; Moisander et al., 2014). This may imply the presence of light-absorbing 

pigments (Gómez-Consarnau et al., 2019), which could help meet the energy 
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demands needed for BNF, but there is not yet evidence to support this hypothesis 

(Inomura et al., 2017; Langlois et al., 2015; Moisander et al., 2017; Zehr and Capone, 

2020). Additionally, NCDs in the surface ocean would depend on photosynthetically 

derived organic C and may therefore be indirectly influenced by light (Halm et al., 

2012).  

Open ocean BNF has historically been considered a cyanobacterial warm 

water process that was unlikely to occur at cold temperatures (Stal, 2009). As 

temperatures decrease, the theoretical cost of fixing N2 increases, making an already 

energetically expensive process seem unlikely in cold climates. In laboratory studies 

on the unicellular cyanobacteria Cyanothece, N2-fixation becomes inefficient below 

18oC because respiration rates slow to a point where intracellular O2 levels exceed the 

minimum threshold for the nitrogenase enzyme to function (Brauer et al., 2013). 

Similarly, Trichodesmium is generally considered to have a temperature minimum of 

20oC (Breitbarth et al., 2007). However, diazotrophic activity has been identified in 

ice-covered (0oC) Antarctic lakes (Olson et al., 1998; Singh and Elster, 2007), deep-

sea sediments (4oC) (Dekas et al., 2018), and cold waters (10oC) at northern latitudes 

(Blais et al., 2012; Shiozaki et al., 2017) indicating not all diazotrophic activity is 

constrained by temperature.  

 Diazotrophs have an unlimited supply of N but can be limited by other 

nutrients such as phosphorus (P), iron (Fe), and for NCDs, organic C. Many studies 

hypothesize Fe is likely a limiting nutrient for diazotrophs for two reasons: 1) 

biologically available forms of Fe have very low concentrations in the open ocean, 
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and 2) the nitrogenase enzyme requires Fe (Berman-Frank et al., 2007; Paerl et al., 

1987; Sohm et al., 2011). Therefore, diazotrophs have a higher Fe requirement than 

non-diazotrophic cells. The other nutrient that may limit BNF and diazotroph 

distributions is P (Deutsch et al., 2007; Sañudo-Wilhelmy et al., 2001; Wu et al., 

2000). Teasing apart factors that control BNF is useful in understanding the 

constraints that affect diazotroph distributions and N2 fixation rates, yet determining 

which nutrient is limiting at any given time is dependent on the diazotrophic species 

and the surrounding environment (Mills et al., 2004; Moisander et al., 2012; Severin 

et al., 2015). For example, some studies have found cyanobacterial diazotroph 

distribution is controlled by temperature, light, or nutrient availability (Moisander et 

al., 2010; Monteiro et al., 2011; Moore et al., 2009; Sohm et al., 2011; Stal, 2009), 

while other studies reveal a low correlation with such factors (Church et al., 2009; 

Ward et al., 2007).  

Methods to Study Biological Nitrogen Fixation 

Many diazotrophs do not have cultured representatives, including UCYN-A 

and Gamma A, and therefore cannot be studied in a controlled laboratory setting. For 

uncultured diazotrophs, the advent of molecular techniques revealed a vast diversity 

of diazotrophs that was invisible through culturing and microscopic observations. The 

known diversity continues to expand with new sequencing efforts (Delmont et al., 

2018; Farnelid et al., 2011; Moisander et al., 2010; Poff et al., 2021; Zehr et al., 

1998). Uncultivated diazotrophs are primarily studied using the diazotrophic 

functional marker gene nifH, which encodes a subunit of the Fe protein of the 
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nitrogenase enzyme complex (Zehr and Mcreynolds, 1989). Although other nif genes 

have been used (nifK and nifD), the nifH gene database is one of the largest databases 

outside of 16S rRNA genes (Zehr et al., 2003). Sequencing of the nifH gene can 

provide an overview of the relative abundance of diazotrophs present, while 

quantitative PCR (qPCR) can provide information on absolute abundances of groups 

using specifically designed primers and probes (Church et al., 2005b; Langlois et al., 

2005; Zehr and Bombar, 2015). The same techniques can be used to determine the 

activity level of nifH gene transcription (Church et al., 2005a; Gradoville et al., 2020; 

Short and Zehr, 2007). However, the presence of nifH genes and transcripts do not 

necessarily imply active nitrogenase proteins or N2 fixation activity due to high 

transcriptional (Chen et al., 1999) and post-translational regulation (Ohki et al., 

1992). A molecular technique to visualize uncultured diazotrophs is fluorescent in 

situ hybridization (FISH), which can be used if the 16S rRNA gene sequences are 

known (Amann et al., 1995). Unfortunately, most NCDs are only identified by the 

nifH gene making 16S rRNA hybridization-based visualization impossible. 

Community BNF rates (rates measured in bulk water samples) are the 

standard way to quantify the amount of N2 fixation at a given location and represent 

the N2 fixed by the whole diazotrophic community. The current gold standard for 

community N2 fixation rate measurements is with stable isotope incubations using 

15N2 gas. 15N2 gas is added to seawater samples using either pre-enriched 15N2 

seawater that is added to the environmental sample or by adding a bubble of 15N2 that 

is allowed to equilibrate before releasing the bubble prior to the start of the incubation 
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(Mohr et al., 2010; White et al., 2020). The isotope amended bottles are incubated for 

a given period before particulate N is collected by filtration, then the 15N content of 

the particulate nitrogen is measured by mass spectrometry. The isotope incubations 

and subsequent measurements provide a quantitative value of how much 15N2 was 

incorporated into particulate organic matter (cells), which could only result from BNF 

(Montoya et al., 1996, 2004). Community N2 fixation rates are very informative but 

cannot provide information on how much N different diazotrophic groups are fixing 

or if specific groups are fixing N2 at all (Bombar et al., 2016; Moisander et al., 2017). 

Many studies compare community BNF rates and nifH sequencing data to determine 

which diazotrophic groups are likely responsible for the BNF rates measured 

(Gradoville et al., 2017; Shiozaki et al., 2020; Turk-Kubo et al., 2014). However, 

indirect inferences as nifH gene or transcript presence do not necessarily represent N2 

fixation activity.  

Most studies use community BNF rates, but the amount of N2 fixed by NCDs 

has never been directly quantified (Bombar et al., 2016, Moisander 2014, Reimann 

2010), even though NCD nifH genes have been noted throughout the tropics and 

subtropics (Langlois et al., 2015; Riemann et al., 2010; Shiozaki et al., 2017) for over 

two decades (Zehr et al., 1998). Due to the community level analysis and the presence 

of cyanobacteria in these regions (Bombar et al., 2016; Moisander et al., 2017), the 

contribution of N2 fixed by NCDs is obscured. As NCDs have yet to be shown 

capable of fixing N2 in the open ocean (Bombar et al., 2016), the community-wide N2 

fixation rates are generally attributed solely to the cyanobacterial community. 
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Recently, studies have been able to characterize the metabolism and activity 

of environmental populations of microorganisms at the single-cell level using 

nanoscale secondary ion mass spectrometry (nanoSIMS). NanoSIMS combined with 

isotope addition incubations, such as 15N2 for the study of BNF, allows for cell-

specific isotope incorporation measurements. NanoSIMS uses a high-energy primary 

ion current (Cs+ for BNF studies) to ionize a small target area, sending secondary ions 

released from the sample into a mass spectrometer for quantification (Pett-Ridge and 

Weber, 2012). An increasing number of studies have employed nanoSIMS to analyze 

BNF rates of uncultured diazotrophs at the single-cell level (Dekas, Poretsky, and 

Orphan, 2009; Woebken et al., 2012, Thompson 2012, Martines-Perez, Gradoville 

2019).  Before nanoSIMS analysis, uncultured diazotrophs in environmental samples 

must be identified and located, which is commonly done with FISH or similar 

techniques as long as the 16S rRNA of the organisms is known (Behrens et al., 2008; 

Dekas et al., 2009; Thompson et al., 2012). NanoSIMS has allowed for a valuable and 

unprecedented look at the cell-specific BNF rates of uncultured diazotrophs (Dekas et 

al., 2009; Martínez-Pérez et al., 2016; Thompson et al., 2012; Woebken et al., 2012); 

however, nanoSIMS analysis is low throughput, time-intensive, and relies on known 

16S rRNA genes.  

Summary 

This dissertation aimed to better understand the distribution, activity, and 

lifestyle of the unicellular diazotrophs, UCYN-A, NCDs in general, and the 

commonly occurring NCD known as Gamma A at the single-cell level. Single-cell 
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investigations are a direct means of analyzing cells, providing more detailed 

information than available with community-level analysis. The projects described 

here address questions regarding BNF that could only be answered through single-

cell investigations. Chapter 1 addresses whether UCYN-A is present and fixing N2 in 

the cold water (>10oC) of the Bering Strait and the Arctic Ocean. We used 

community N2 fixation rates from 15N2 gas incubations, nifH sequencing, and UCYN-

A specific nanoSIMS measurements of 15N enrichment in cells to determine the 

presence of UCYN-A in the Arctic and estimate their N2 fixation contribution. Our 

data shows that the same strains of UCYN-A1 and UCYN-A2 found in subtropical 

waters are present and fixing N2 in cold Northern waters. Chapter 2 addresses 

whether NCDs are capable of N2 fixation in the surface ocean of the North Pacific 

Subtropical Gyre. To answer this question, we used dual-isotope (15N2 and 13C-

bicarbonate) incubations and an untargeted nanoSIMS approach to scan thousands of 

cells looking for cells enriched in 15N but not 13C, indicating that they are N2-fixers 

but are not photosynthetic. Our results show NCD are fixing N2 in the surface ocean 

while attached to particles and contribute to the fixed N of the system. Chapter 3 

addresses whether nifH geneFISH can be used to visualize uncultivated diazotrophs, 

such as Gamma A, in environmental samples and gain insights into their lifestyles. 

This project involved designing and optimizing nifH geneFISH probes for UCYN-A 

and Gamma A to visualize uncultivated cells via fluorescence microscopy. This 

method-based study concluded that geneFISH is a viable option to visualize 

diazotrophs for which only the nifH gene sequence is known. Additionally, successful 
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geneFISH identification of Gamma A showed that the majority of cells are attached 

to particles in the surface ocean, providing information on their lifestyle, despite 

being uncultivated. Single-cell analyses such as these offer high-resolution insight 

into uncultured diazotrophs which can help us better understand their lifestyles and 

N2 fixation capability. As N limitation is directly linked to primary productivity and 

carbon cycling, gaining a better knowledge of BNF and microorganisms involved, 

particularly the less well-known uncultivated diazotrophs, can help to understand 

oceanic N2 fixation, as well as constrain and predict N2 fixation rates, which are 

critical for understanding predicting the effects of global climate change. 
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Abstract 

  Biological dinitrogen (N2) fixation is an important source of nitrogen (N) in 

low-latitude open oceans. The unusual N2-fixing unicellular cyanobacteria (UCYN-

A)/haptophyte symbiosis has been found in an increasing number of unexpected 

environments, including northern waters of the Danish Straight Bering and Chukchi 

Seas. We used nanoscale secondary ion mass spectrometry (nanoSIMS) to measure 

15N2 uptake into UCYN-A/haptophyte symbiosis and found that UCYN-A strains 

identical to low-latitude strains are fixing N2 in the Bering and Chukchi Seas, at rates 

comparable to subtropical waters. These results show definitively that cyanobacterial 

N2 fixation is not constrained to subtropical waters, challenging paradigms and 

models of global N2 fixation. The Arctic is particularly sensitive to climate change, 

and N2 fixation may increase in Arctic waters under future climate scenarios.  

Significance Statement 

 Biological dinitrogen (N2) fixation (BNF) is an important source of nitrogen 

(N) in marine systems. Until recently, it was believed to be primarily limited to 

subtropical open oceans. Marine BNF is mainly attributed to cyanobacteria; recently, 

an unusual N2-fixing unicellular cyanobacteria (UCYN-A)/haptophyte symbiosis was 

reported with a broader temperature range than other N2-fixing cyanobacteria. We 

report that the UCYN-A symbiosis is present and fixing N2 in the Western Arctic and 

Bering Seas, further north than any previously reported N2-fixing marine 

cyanobacteria. Nanoscale secondary ion mass spectrometry (nanoSIMS) enabled us to 

directly show that the symbiosis was fixing N2. These results show that N2-fixing 
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cyanobacteria are not constrained to subtropical waters and challenge commonly held 

ideas about global marine N2 fixation. 
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Introduction 

 Biological N2 fixation, the reduction of atmospheric N2 to biologically 

available nitrogen, is an important source of N in oligotrophic tropical and subtropical 

oceans (1). Historically, studies of ocean N2 fixation focused on the well-known 

cyanobacterium Trichodesmium and the diatom symbiont Richelia, which were 

reported primarily from warm (> 20oC) waters (2) with low concentrations of fixed N 

(nitrate and ammonium) (3). The discovery of a unicellular cyanobacterial symbiont 

(UCYN-A) of a haptophyte alga (4, 5) expanded the geographic distribution of 

marine N2-fixers to waters with lower temperatures and higher concentrations of 

fixed inorganic N (6, 7). These regions include the high latitude waters of the Danish 

Strait (8) and the Western Arctic (9, 10). The presence of N2-fixers does not confirm 

N2 fixation activity since N2 fixation is a highly regulated process inhibited by 

multiple environmental factors. Here we demonstrate that the cyanobacterial 

symbiont UCYN-A fixes N2 in the cold, high latitude waters of the Western Arctic.  

 UCYN-A is an unusual cyanobacterium lineage that has lost many of the 

typical cyanobacterial metabolic pathways, including the ability to fix CO2 and 

evolve O2 in photosynthesis (5). It is a symbiont with a small planktonic unicellular 

haptophyte alga, related to Braarudosphaera bigelowii (4, 11). UCYN-A is 

uncultivated and can only be detected by its DNA or through visualization with 

catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH). 

UCYN-A is comprised of multiple closely related lineages with distinct haptophyte 

hosts that can be differentiated by distinct DNA sequences (12). Generally, 
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haptophytes are geographically widespread, including cold, high latitude waters (13). 

The symbiosis between a N2-fixing cyanobacterium and a haptophyte may facilitate a 

unique adaptation to N2 fixation in colder waters, such as the Arctic Ocean, where 

other N2-fixing marine cyanobacteria have not been found.  

 Little is known about marine N2 fixation in polar regions, partially because 

low temperatures are believed to inhibit the growth and activity of N2-fixing 

cyanobacteria, such as in Trichodesmium and Crocosphaera (2, 14). Trichodesmium 

has occasionally been reported in high latitudes (62oN) (15) but does not appear to fix 

N2 when advected into cold waters (16). However, temperature alone does not 

necessarily preclude N2 fixation since microorganisms can fix N2 in ice-covered 

Antarctic lakes to near boiling temperatures at hydrothermal vents (17, 18).  A few 

studies have reported low but measurable N2 fixation rates in the Arctic (0.02 to 7.7 

nmol N L-1 day-1) (19, 20). Recent studies in the Bering and Chukchi Seas (9, 10) 

reported bulk water N2 fixation rates of 2.3 to 3.6 nmol N L-1d-1 and detected DNA 

from UCYN-A and other Bacteria but could not link N2 fixation to specific 

microorganisms. 

Results and Discussion 

 We collected water samples in the Bering, Chukchi, and Beaufort Seas during 

September 2016 (SI Appendix, Fig. S1 and Materials, and Methods) and identified 

N2-fixing microorganisms. The nifH gene, a widely-used proxy for N2-fixing 

microorganisms, was amplified by PCR and sequenced. UCYN-A nifH sequences 

were the only marine cyanobacterial nifH sequences found and were present in the 

Bering, Chukchi, and Beaufort Sea samples (SI Appendix, Fig. S2). The abundances 
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of the two strains identified, UCYN-A1 and UCYN-A2, were estimated using 

quantitative PCR (qPCR) (Fig. 1, SI Appendix, Fig. S3, and Table S2). In the Bering 

Sea near Nome, AK, UCYN-A abundances (105 to 106 nifH copies L-1) were 

comparable to those at subtropical latitudes (6, 11, 21) but were considerably lower in 

the Chukchi Sea, on the north eastern Chukchi shelf, and in the Beaufort Seas (Fig. 1, 

SI Appendix, Fig. S3, and Table S2). Both UCYN-A lineages were primarily found in 

surface samples in low salinity ice-melt waters (SI Appendix, Fig. S4, and Table S2). 

These results verified that two strains of the N2-fixing cyanobacterium UCYN-A are 

present in polar waters, consistent with recent findings (9, 10). 

 Our genomic and morphological characterization of the high-latitude UCYN-

A symbioses show these strains are indistinguishable from those reported in 

subtropical oceans. The UCYN-A1 and UCYN-A2 nifH sequences from the Arctic 

samples were identical to the most common sequences reported from subtropical 

oceans (Fig. 2 and SI Appendix, Fig. S2). Visualization of the different haptophyte 

hosts and their respective UCYN-A1 and UCYN-A2 cyanobacterial symbionts using 

lineage-specific CARD-FISH probes (22, 23) (Fig. 3) showed that the symbioses 

were similar in size and morphology (~3 µm and 5 µm, respectively) to the symbioses 

in tropical and subtropical oceans (4, 7, 23, 24). Other globally distributed eukaryotic 

picoplankton have specific cold-adapted strains (25, 26), so the discovery of the 

subtropical strains of UCYN-A in the Arctic was unexpected.  

 15N2 uptake experiments coupled with CARD-FISH and nanoscale secondary 

ion mass spectrometry (nanoSIMS) showed that the UCYN-A symbiosis was actively 
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fixing N2. This is the first direct evidence of N2 fixation by planktonic marine 

cyanobacteria (or any marine microorganism) in the Arctic region (72o N) and with 

low water temperatures (4oC).  The UCYN-A1 and UCYN-A2 symbioses in the 

Bering Sea had mean cell-specific N2 fixation rates of 7.6 ± 14.5 fmol N cell-1d-1 

(n=6) and 13.0 ± 7.7 fmol N cell-1d-1(n=8), respectively (Fig. 4). In the Chukchi Sea, 

the cell-specific N2 fixation rates of the UCYN-A2 symbiosis were considerably 

lower, but two out of six cells were detectable with an average of 1.1 ± 2.0 fmol N 

cell-1d-1. Surprisingly, the UCYN-A1 cell-specific N2 fixation rates measured in the 

Bering Sea at 10.1oC are similar to rates reported from the warmer waters (>25oC) of 

the subtropical North Atlantic (0.45 - 12 fmol N cell−1d−1; 27, 28). UCYN-A N2 

fixation in polar waters shows that low temperature does not limit the distribution or 

activity of N2-fixing cyanobacteria. 

 N2 fixation by UCYN-A accounted for the total measured N2 fixation rates in the 

Bering Sea but not in the Chukchi Sea. UCYN-A N2 fixation rates were estimated to 

be 10.5 ± 18.4 nmol N L-1d-1 and 0.004 ± 0.007 nmol N L-1d-1 in the Bering Sea and 

the Chukchi Sea, respectively, when per cell rates were scaled to volumetric rates (SI 

Appendix, Materials and Methods, and Table S3). Measured N2 fixation rates in the 

bulk water sample from the Bering Sea (Station 1) were 6.9 ± 3.8 nmol N L-1d-1, 

indicating that N2 fixation by UCYN-A accounted for total bulk rates (within error). 

In contrast, extrapolated rates from UCYN-A2 cellular N2 fixation in the Chukchi Sea 

were two orders of magnitude less than the measured bulk N2 fixation of 0.2 ± 0.2 

nmol N L-1d-1 (DNQ). More research is needed to determine the quantitative 
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significance of N2 fixation by UCYN-A in this region, but the presence of actively 

N2-fixing unicellular cyanobacteria in Arctic waters is surprising from an ecological 

perspective and important for mathematical models that predict global N2 fixation. 

 It is unclear whether the UCYN-A symbioses in the Bering Sea and Western 

Arctic are advected into the Western Arctic Seas through the Bering Strait or are 

endemic populations. Microbial community structure in Arctic waters is heavily 

influenced by the originating water mass (29), and Shiozaki et al. (10) suggest the 

UCYN-A symbiosis detected by DNA assays originates from Pacific waters 

transported to the Arctic in the Alaskan Coastal Current, as has been reported for 

other species (30). However, UCYN-A1, which is widespread in the North Pacific 

Subtropical Gyre, disappears at the front between the North Pacific Subtropical Gyre 

and the North Pacific Subarctic Gyre (9, 21), and the UCYN-A2 symbiosis is not 

commonly found in the oligotrophic North Pacific (12). This suggests that the 

UCYN-A populations may be maintained throughout the year in the Arctic and may 

be endemic populations. 

 Our results provide support for resource ratio theory-based predictions that 

Bering Sea waters would be favorable for N2-fixers (31) and extend the 

biogeographical range of active UCYN-A symbioses into the Chukchi and Beaufort 

Seas. New models are needed for predicting the biogeography of N2-fixing 

microorganisms and N2 fixation in the world ocean, including other Arctic regions 

and the Southern Ocean. The results of this study also have implications for global N2 

fixation and global environmental change. Arctic ecosystems are rapidly changing. 
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Predicted effects include increased Pacific inflow, phytoplankton growing season, 

stratification, nutrient limitation, and sea surface temperatures (32), all of which may 

select for UCYN-A and other N2-fixing species that are commonly found in warm, 

oligotrophic waters. The results of this study change the paradigm that N2 fixation 

and N2-fixing cyanobacteria are common only in warm tropical or subtropical waters, 

which is critical for understanding and predicting global patterns of N2 fixation.   

Materials and Methods 

 Samples were taken in the Bering Sea, Chukchi Sea, on the Chukchi Shelf, 

and in the Beaufort Sea in September 2016.  

DNA extraction and nifH amplification  

 DNA extraction, nifH amplification, and quantitative PCR- Samples (2-4L) 

were filtered by a peristaltic pump onto sequential 3 and 0.2 µm polyphenylene ether 

filters (0.2 µm 25 mm Supor-200, Pall Life Sciences, Port Washington, NY, USA) in 

Swinnex filter holders. DNA was extracted using a modified DNeasy Plant Mini Kit 

(Qiagen, Germantown, MD) protocol, described in detail in (33). PCR amplification 

of the nifH gene used degenerate universal nifH primers Yanni/450 and up/down in a 

nested reaction (34), with the second round primers (up/down) modified to contain 

common sequence (CS) linkers (35). Library preparation was carried out by the DNA 

Sequencing Core Facility at the University of Illinois at Chicago 

(http://rrc.uic.edu/cores/genome-research/sequencing-core/). Amplicons were 

sequenced using Illumina MiSeq, to a sequencing depth of 40,000 sequences per 

sample.  

http://rrc.uic.edu/cores/genome-research/sequencing-core/
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 UCYN-A1 and UCYN-A2 abundances were estimated using TaqMan® 

quantitative PCR (qPCR) chemistry and primers and probes specific for UCYN-A1 

(36) and UCYN-A2 (11) and their respective haptophyte partners, UCYN-A1 host (SI 

Appendix, Materials, and Methods) and UCYN-A2 host (11), in samples positive for 

nifH amplification.  

15N2 rate measurement incubations  

 N2 fixation was assessed using a modified version of the 15N bubble method 

(Montoya et al. 1996). Water samples for rate measurement incubations were 

collected from Niskin bottles into gas-tight 1L glass media bottles (KIMAXTM 

model # 611001000) capped with black open-top caps with gray butyl septa (model # 

240680). The caps and septa were preconditioned in a saltwater brine for 60 days 

prior to use. The media bottles and caps were acid-washed (10% HCl) and rinsed with 

copious amounts of high purity water (18.2 MΩ cm-1). The glass media bottles were 

also combusted at 500˚C for 4 hours prior to use.  

Measuring cell-specific N2 fixation rates using NanoSIMS 

 To visualize and map both strains and their respective hosts (UCYN-

A1/UCYN-A1 host and UCYN-A2/UCYN-A2 host), a double CARD-FISH protocol 

was used according to the protocols detailed in (22, 23). The full suite of HRP probes, 

competitor oligonucleotides, and helper probes are given in SI Appendix, Table S1. 

Prior to nanoSIMS analysis, cells were transferred to a gridded silicon chip (1.2 cm x 

1.2 cm with a 1 mm x 1 mm raster, PelcotecTM SFG12 Finder Grid Substrate) and 

imaged and mapped under epifluorescence on a Zeiss Axioplan epifluorescence 
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microscope equipped with digital imaging at UCSC. 15N measurements of individual 

cells were determined by NanoSIMS analyses performed at Stanford Nano Shared 

Facilities (SNSF; https://snsf.stanford.edu) on a Cameca NanoSIMS 50L at Stanford 

University, CA, USA. Image planes were accumulated after first being aligned. 

Isotope data was taken as a sum of counts in each plane per pixel. Cell outlines and 

regions of interest (ROI) were determined as the best fit based on the original CARD-

FISH image, electron microscopy image, and accumulated images in 12C14N- and 12C-. 

Cell size was determined based on the ROI of the defined haptophyte or UCYN-A 

cell. Cell-specific N2 fixation rates were determined by calculating the carbon content 

per cell based on a spherical cell volume (V) from the measured cell diameter 

determined by the ROI following the calculations of (27). The C:N ratio of 6.3 was 

measured in UCYN-A from the tropical North Atlantic (28) and was used in our 

calculation to estimate the N content of the cell. The limit of detection was 

determined to be three times the standard deviation of 15N in unenriched samples 

(0.02 At%), similar to LOD determination in Jayakumar et al. (37). More detailed 

methods and calculations can be found in the SI appendix. 

Bulk N2 fixation rates measurements 

 Bottles were filled in triplicate and capped with ambient air bubbles removed. 

All bottles were immediately placed in mesh bags to mimic the light intensity at 

collection depth. Different depths received different levels of screening. The bottles 

were then amended with 1.1 or 2.5 mL of enriched (> 99%) 15N2 gas purchased from 

Cambridge Isotope Laboratories, Inc. (lot # I-199168A).  Higher volumes of 15N2 gas 
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were used in all samples after Station 1 to obtain enrichment levels closer to 10% 

(average 15N2 enrichment of 5.8±2.1%). Samples were incubated for 24 hours in flow 

through incubators on deck (surface samples) or environmental chambers (deep 

samples) set to 0°C ± 1°C.  Prior to use in the incubations, subsamples of the 15N2 gas 

stocks were assessed for 15NH4
+, 15NO3

-, and 15NO2
- contamination according to 

methods described in (38). No contamination was measured. Incubations were 

terminated after 24 hours. A membrane inlet mass spectrometer (MIMS) was used to 

assess the level of 15N enrichment in each sample immediately upon incubation 

termination. The MIMS data for each individual bottle were used to calculate uptake 

rates.  

 Size fractionated bulk N2 fixation rates were determined by filtering in series 

through 3.0 µm silver filters and then pre-combusted (450˚C for 2 hours) GF-75 

filters with a nominal pore size of 0.3 µm. Filters were stored frozen at -20°C in 

sterile microcentrifuge tubes until analysis. Filters were thawed and dried overnight at 

40°C and analyzed on an Integra2 combined Isotope ratio mass spectrometer with an 

SL autosampler tuned to low mass samples. The mass range of calibration standards 

was 1-10 µg N (low range) or 5-20 µg N (high range) of Sigma-Aldrich ammonium 

sulfate salt (0.366022/-0.77), which was calibrated against the NIST USGS40 L-

glutamic acid (0.36465/-4.52) with a precision of 0.315 per mil. The limit of detection 

for the mass of N was 0.51 µg N. The mass range of samples analyzed was 2.66 to 

19.91 µg N.  The limit of detection (i.e., 3x mass of the 15N blank) was 0.103 At% 

and the average minimum quantifiable rate of the bulk N2 fixation rates was 0.4 ± 0.7 
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nmol N L-1 day-1.  The limit of detection (LOD) and minimum quantifiable rates 

(MQR) were calculated according to Montoya, Voss, Kahler, and Capone (39) and 

Gradoville et al. (40) for each size fraction and propagated as error to represent total 

N2 fixation. Controls (natural abundance) samples were collected from the Niskin in 

dedicated, acid-washed (10% HCl) high-density polyethylene (HDPE) bottles and 

filtered in a separate laboratory on a filtration unit designated for no isotope used. 

Blank natural abundance samples were analyzed on an Integra2 combined Isotope 

ratio mass spectrometer with an SL autosampler that had not been exposed to 

enriched samples. The average δ15N was 7.8 ± 4.2 (0.37 At%) for the >3µm size 

fraction and 7.2 ± 2.9 (0.37 At%) for the 0.3 – 3 µm size fraction. 
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Figures 

Fig. 1. UCYN-A lineages are distributed throughout surface waters of the Western 

Arctic Ocean. Background colors represent sea surface temperature on September 10, 

2016 (www.esrl.noaa.gov). UCYN-A was quantified with qPCR. UCYN-A2 (black 

circles) is present at more stations, but UCYN-A1 (white circles) had the highest 

maximum abundance. Red stars indicate nanoSIMS 15N uptake rates measure 

locations. 
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Fig. 2. Arctic UCYN-A nifH sequences are identical to broadly distributed and 

abundant sequence types. Maximum likelihood phylogenetic tree of UCYN-A 

microdiversity based on partial nifH nucleotide sequences from a recent global survey 

(12). UCYN-A sequences from the Bering and Arctic Seas (red dots) are identical to 

dominant sequence types found in all major ocean basins. Regions where each 

sequence type has been found, are specified by colored dots according to the legend, 

sequence counts from the global survey are also plotted. Nodes with bootstrap 

support >70 are identified with a diamond. Adapted from (12). 
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Fig. 3. Morphologies of Arctic UCYN-A symbioses are indistinguishable from 

subtropical strains. Double CARD-FISH comparison of UCYN-A lineages from the 

Bering Sea (A, C) and water collected at the Scripps Institute of Oceanography (SIO) 

Pier in La Jolla, CA (B, D) show similar sizes and morphologies. CARD-FISH 

images show the symbiosis is intact, with both the haptophyte host (green & blue) 

and cyanobacteria (red). Scale bar is 5 µm. 
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Fig. 4. UCYN-A symbioses fix 15N2 in western Arctic waters. UCYN-A cell-specific 
15N2 fixation rates (A) and 15N enrichment (B-D) from nanoSIMS measurements after 

incubating natural populations in seawater with 15N2. Bars of the same color (A) 

represent rates measured in individual symbioses (UCYN-A with host alga) from a 

single station and lineage (noted in underlying cell image, scale bar is 2 µm), 

averages shown by the horizontal black line. Error bars are the standard deviation of 

the cell-specific rate between the host and UCYN-A. Note the colored axes differ in 

scale on nanoSIMS images (B-D). 
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Abstract 

 Biological nitrogen (N2) fixation is an essential source of nitrogen (N) input 

for low nutrient surface marine waters. N2-fixing (diazotrophic) cyanobacteria have 

been established as the primary contributors to this process, but the contribution of 

non-cyanobacterial diazotrophic organisms in oxygenated surface water has yet to be 

demonstrated. Previous commonly used approaches such as coupling community N2 

fixation rate measurements with functional marker gene sequencing cannot evaluate 

the contribution of the detected non-cyanobacterial diazotrophs to the measured 

community N2 fixation rates. In this study, we used simultaneous 15N2 and 13C-

bicarbonate incubations combined with nanoSIMS analysis to screen tens of 

thousands of cells collected from the North Pacific Subtropical Gyre. These dual-

isotope incubations allowed us to distinguish between non-cyanobacterial and 

cyanobacterial N2-fixing microorganisms and to measure cell-specific N2 fixation 

rates for those populations. This approach led to the first direct demonstration of N2 

fixation by non-cyanobacterial diazotrophs in the oxygenated surface ocean, which 

were associated with particles, and 3.2% of the analyzed particles (<210 µm) 

contained at least one active non-cyanobacterial diazotroph at four out of seven 

locations sampled. The non-cyanobacterial N2 fixation rates presented here (avg: 1.09 

± 1.61 fmol N cell-1 d-1) demonstrate these organisms are capable of fixing N2 in 

oxygenated surface water while attached to particles and contribute to oceanic N2 

fixation. 
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Introduction 

 Primary productivity in the oceans is commonly limited by nutrient 

availability, and nitrogen (N) is the limiting nutrient in large regions of the surface 

oceans (Falkowski et al., 1998). Biological N2 fixation is an energetically expensive 

process that converts atmospheric dinitrogen (N2) to bioavailable forms of N 

(ammonia and amino acids), supporting primary production (Capone et al., 2005; 

Karl et al., 2002) and 26-47% of particulate N export (Bottjer et al., 2017). 

Quantifying biological N2 fixation rates is critical for predicting carbon and nitrogen 

fluxes, yet there is high variability among biogeochemical model estimates of N2 

fixation, sometimes several orders of magnitude (Wang et al., 2019), suggesting these 

processes are not well constrained. This disconnect is likely due to many factors but 

two related yet distinct factors will be mentioned here. First, only a few N2-fixing 

microorganisms are included in these models, and there are likely many other 

organisms yet to be discovered that fix N2 in the surface ocean. Second, the 

physiology, genetic diversity, and in situ activity of the known diazotrophs are not 

well constrained, making them difficult to model at the ocean scale (Bombar et al., 

2016; Horner-Devine and Martiny, 2008). Diverse diazotrophic Bacteria and Archaea 

have been shown to have the potential to fix N2 as identified through amplification of 

their nifH gene (Zehr et al., 1998), which encodes a subunit of the nitrogenase 

enzyme used in N2 fixation (Howard and Rees, 1996). Cyanobacteria, such as 

Trichodesmium, heterocyst forming symbionts of diatoms, and unicellular 
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cyanobacteria (Crocosphaera and UCYN-A), have been shown to be the dominant N2 

fixers in warm, low-nutrient, surface ocean waters through culture-based studies and 

single-cell analyses (Capone et al., 1997; Carpenter and Capone, 1992; Villareal, 

1994; Zehr et al., 2001; Zehr and Bombar, 2015). However, amplification of nifH 

genes from ocean waters shows that there are abundant and diverse non-

cyanobacterial diazotroph (NCD) nifH sequences (Farnelid et al., 2010; Riemann et 

al., 2010; Zehr et al., 1998) that often exceed the relative abundance of amplified 

cyanobacterial nifH genes (Farnelid et al., 2011; Riemann et al., 2010). Yet, the 

relative abundance of genes is not equivalent to volumetric cell abundances, and it 

has not yet been directly demonstrated how many of the NCDs fix N2 or what their 

contribution is to measured community N2 fixation rates.  

 NCDs, which could be heterotrophic or photoheterotrophic N2-fixing Bacteria 

or Archaea, have been largely considered insignificant in biological N2 fixation in 

marine surface waters (Bombar et al., 2016). The significance of NCD N2 fixation has 

been questioned because of the low concentration of organic matter and relatively 

high concentrations of dissolved oxygen in surface waters, which inhibits this process 

(Bombar et al., 2016; Turk-Kubo et al., 2014). Heterotrophic N2 fixation has been 

suggested to occur in or on particles (Bombar et al., 2013; Church et al., 2005a; Paerl 

and Prufert, 1987; Pedersen et al., 2018; Riemann et al., 2010) which could provide a 

rich source of carbon (Riemann et al., 2010) and in particles ≥ 1 mm in diameter 

microbial respiration-induced microaerobic zones (Klawonn et al., 2015a; Ploug, 

2001; Riemann et al., 2010), which could support heterotrophic diazotrophy. In 
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agreement with this hypothesis, NCD nifH genes have been found on individual 

particles in the North Pacific Subtropical Gyre (NPSG) (Farnelid et al., 2019). 

However, the presence of the nifH gene does not ensure that the genes are transcribed 

or that there is active nitrogenase protein, and the diversity of amplified nifH genes 

does not necessarily reflect the quantitative abundance of an organism or its activity. 

Nitrogenase proteins from putative NCDs have been visualized associated with 

particles by immunolabeling in estuarine samples (Geisler et al., 2020), but N2 

fixation rates from these particle attached NCDs have yet to be measured. 

 NCDs could be a significant component of marine N2 fixation, but their 

activity and quantitative significance have yet to be directly demonstrated. The 

potential N2 fixation rates of NCDs are difficult to assess since most open ocean 

NCDs do not have cultured representatives. Marine NCD N2 fixation rate 

measurements are limited to a few cultured representatives from estuarine 

environments with rates of 0.02 to 1.1 fmol N cell-1 d -1 (scaled to per day rates 

assuming 24 hours of N2 fixation) (Bentzon-Tilia, Severin and Hansen, 2015; Paerl et 

al., 2018). Unicellular, surface ocean cyanobacteria such as UCYN-A have much 

higher single cell N2 fixation rates of 2 to 220 fmol N cell-1 d -1 (Gradoville et al., 

2020; Martínez-Pérez et al., 2016). Additionally, a few indirect measurements of 

community N2 fixation rates (0.7 to 8 nmol N l-1 d-1) have been inferred from 

locations where cyanobacteria were reportedly absent (reviewed in Moisander et al., 

2017). Nanoscale secondary ion mass spectrometry (nanoSIMS) analysis has been 

used extensively to identify single-cell activity, including N2 fixation by uncultured 
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diazotrophs (Dekas et al., 2009; Woebken et al., 2012). Diazotrophs for which there 

are 16S rRNA gene sequences can be identified by catalyzed reporter deposition-

fluorescence in situ hybridization (CARD-FISH) or related methods (Behrens et al., 

2008; Dekas et al., 2009; Thompson et al., 2012) and shown to fix N2 by nanoSIMS 

analysis measuring cellular 15N incorporation. However, most NCDs are only known 

by their nifH gene sequence, so visualization and identification using 16S rRNA-

based CARD-FISH is not possible. Furthermore, FISH-nanoSIMS is generally low 

throughput, making surveys for potentially rare organisms, such as NCDs, 

impractical, due to the difficulty in identifying and mapping rare cells.  

 In this study, we use a dual-isotope nanoSIMS approach to determine if NCDs 

were fixing N2 in surface waters of the NPSG. We incubated seawater samples in 

15N2 and 13C-bicarbonate to distinguish between cyanobacteria and NCDs, the former 

fixing both CO2 and N2 and the latter only N2. This untargeted approach does not 

require identifying NCDs by CARD-FISH or other means. We also measured 

community (bulk water) N2 fixation rates using 15N2 and determined diazotroph 

diversity by nifH gene sequencing. We present the first direct measurements of NCD 

N2-fixation rates in the surface ocean.  

Methods 

 Seven locations (Fig. 1) spanning the NPSG between Guam and San 

Francisco (November 2019) were analyzed for the presence of N2-fixing organisms 

by nifH sequencing, community N2 fixation rate measurements, and cell-specific 

activities of NCD cells. 
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Sample collection  

 Samples were collected using Niskin bottles attached to a CTD profiler from 

surface seawater (15 m). All water samples were collected in acid-cleaned 

polycarbonate bottles rinsed 3 times with local seawater. Large grazers were removed 

while the bottles were filled using a 210 µm Nitex™ plankton netting (BioQuip, 

Rancho Dominguez, CA). Samples collected from each station include natural isotope 

abundance (triplicate samples of 2 L), DNA (replicates of 2 L), and isotope 

incubations (triplicates of 4.4 L). NanoSIMS samples (0.1 – 0.5 L) were subsampled 

from isotope incubations. Bottles for isotope incubations were immediately placed in 

a surface seawater flow-through incubator shaded to approximate 15 m light 

intensities until isotope addition (~1 hour after initial sampling). Natural isotope 

abundance and DNA water samples were filtered immediately. 

DNA extraction and nifH sequencing 

 Diazotroph diversity was assessed by PCR amplification and sequencing of 

the nifH gene. Surface seawater (2 L, 15 m, <210 µm) was filtered onto 0.2 µm filters 

(PE 25mm; Supor-200; Pall Life Sciences, Port Washington, NY, USA) using 

peristaltic pumps. Filters were flash-frozen before storage at -80oC. DNA was 

extracted with DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) with modifications 

for increased cell lysis (Moisander et al., 2008). The nifH gene was amplified by PCR 

using the universal nifH outer primers, YANNI/450, and common-sequencer linkers 

with inner primers, up/down, in a nested reaction (Zehr and Mcreynolds, 1989). 

Amplicons were sequenced with Illumina MiSeq sequencing (2 x 300 bp, with a 
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targeted sequencing depth of 20,000 per sample) at the University of Illinois Genome 

Research Core Facility. Raw sequences were processed as described in Cabello et al. 

(2020). Briefly, sequences were quality controlled and clustered at 97% nucleotide 

identity using Qiime (Caporaso et al., 2010), representative sequences were assigned 

phylogeny with BLASTX, and OTU tables were rarified according to the sample with 

the lowest sequence recovery (738 sequences).  

15N2 incubations 

 To investigate the N2 fixation activity of NCDs, triplicate 15 m depth seawater 

samples (<210 um, 4.4 L) were injected with a 15N2 gas bubble (98%+, lot # - I-

22779?AR0720534, Cambridge Isotopes, Tewksbury, MA, USA, ) following the 

bubble release method (Klawonn et al., 2015b). Bottles were rolled back and forth to 

equilibrate the 15N2 bubble for 20 minutes (~25 rpm) before bubble release and 13C-

bicarbonate addition (60 µM, 99%, Cambridge). Triplicate incubations were 

transferred back to the incubators shaded to the light intensity at 15 m depth (7 

stations) or complete darkness (6 stations) for 24 hours.  

Community N2 fixation rates 

 Isotope incubations were used for particulate organic nitrogen measurements 

for community N2 fixation rates. Membrane inlet mass spectrometry (MIMS) samples 

were taken at the end of 24-hour incubations from each bottle to measure the 

dissolved 15N2-gas enrichment available (2.8 At% ± 0.4). Incubation bottles were 

opened, and MIMS samples were siphoned into glass vials (15 mL) which were then 

stoppered and crimped with aluminum caps. Samples were kept at 4oC until 
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measured. After subsampling for nanoSIMS samples, biological triplicates were 

vacuum filtered (3.5-3.8 L) through pre-combusted (4 hours at 450oC) 25 mm GF/F 

(Whatman®) and flash-frozen before storage at -80oC. Additional water samples (2 

L) were collected from each location in triplicate and immediately filtered with a 

separate vacuum filtration system for 15N natural abundance measurements, except 

for station 14, which only had duplicate samples available. All filters were dried at 

75oC for 72 hours before being pelleted in tin foil disks (30 mm, Elemental Analysis, 

Okehampton, UK). Samples were not acidified to remove inorganic C before 

pelleting, as the 13C isotope addition was only in the nanoSIMS analysis. The 15N 

enrichment and natural abundance of particulate organic N were measured along with 

blanks using a Carlo-Erba EA NC2500 coupled with Thermo Finnigan DeltaPlus XP 

at the University of Hawaii Stable Isotope Facility. N2 fixation rates, as well as the 

minimum quantifiable rate (MQR; lowest rate quantified with confidence provided 

the propagated errors for replicate samples) and limit of detection (LOD; lowest value 

considered detected, final At% - At% of natural abundance > 0.00146 At%), were 

calculated as in Gradoville et al., (2017) according to Montoya (1996); all values are 

listed in Table S1. Rate values that fell below the LOD but above the MQR are 

reported. Community N2 fixation incubations and reporting follow recommendations 

from White et al. (2020): all samples were run in triplicate except as described above 

(To Stn 14), and 15N incubation filters contained >10 µg N per filter. Our 

experimental design differed from recommendations by White et al. (2020) in that 
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incubations were not initiated before dawn, our 24-hr incubations started at various 

times throughout the day. 

NanoSIMS analyses 

 Subsamples of the isotope incubations were filtered (0.1-0.45 L) through 0.2 

µm pore-size silver membrane filters (25mm, Cole-Parmer, Vernon Hills, IL, USA) 

then fixed (1.8% formaldehyde) at room temperature for 2 hours. Filters were flash-

frozen before storage at -80oC until nanoSIMS analysis (CAMECA NanoSIMS 50, 

Lawrence Livermore National Laboratory). NanoSIMS measurements were 

conducted with both untargeted and particle-targeted approaches. The untargeted 

approach sequentially scanned contiguous areas of the filter using an automated 

analysis routine (“chained analysis”). To target particles, their locations were mapped 

using the secondary electron imaging in the nanoSIMS and then analyzed using an 

automated analysis routine. These analyses only include cells at the particle surface. 

Several of the targeted particles were subsequently analyzed at multiple depths by 

serially eroding into the particle with a high Cs+ current and collecting data. 

Measurements were made with a ~2 pA Cs+ primary beam, and data were collected 

for the masses of 12C2
-, 12C13C-, 12C14N- and 12C15N- where 12C13C-/12C2

- = 2 × 13C/12C; 

12C15N-/12C14N- = 15N/14N (Pett-Ridge and Weber, 2012). Before each surface 

analysis, the area was sputtered to a depth of ~60 nm to establish sputtering 

equilibrium. Data were then collected with a raster of 25-40 µm with 256 x 256 pixels 

and 30-60 frames for each image. Images were processed using L’Image software 

(developed by L. Nittler, Carnegie Institution of Washington, Washington, DC, 
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USA). Cells were identified as regions of interest (ROIs) based on counts of 12C14N 

(150). This threshold was set relatively low to allow for the duration of individual 

analyses and small cells. Cells were considered to have incorporated a statistically 

significant amount of an isotopically labeled substrate if the isotope enrichment was 

greater than that of unlabeled reference cells (Pseudomonas) by 3x the error 

associated with the minimum acceptable count for an ROI; these thresholds 

correspond to 1.23 At% 13C and 0.47 At% 15N, which are relatively conservative. The 

enrichment of our reference cells was statistically indistinguishable from the 

unenriched cells in this study. 

 Enrichment values of 13C and 15N were used to calculate net assimilation 

percent (Xnet%, where X can be C or N), which we use to estimate newly 

synthesized biomass relative to total biomass, assuming no change in cell 

stoichiometry. For N, Nnet% = [Fs/(Fs + Fi)] *100, where Fs is the N fraction derived 

from the isotope substrate and Fi is the N fraction of the original biomass (Dekas et 

al., 2019). Fs and Fi are further defined by Popa et al. (Popa et al., 2007) in terms of 

the isotopic ratio of the initial pool (Ri), spiked pool (Rs), and final ratio in the cell of 

interest (Rf), where Xnet% = Fxnet%/(Fxnet%+100) 

  

 Cell-specific N2 fixation rates (fmol N cell-1 d-1) were calculated based on 

nanoSIMS-measured atom percent (At%) of 15N-enriched cells following Krupke et 

al. (2015). T-initial values were based on the average IRMS value of natural isotope 



66 

 

abundance samples from each location, while MIMS values were used to define the 

amount of 15N available in the enriched substrate. The carbon content per cell was 

based on a spherical cell volume from the defined ROI using the C content per cell, 

according to Verity et al. (1992). Estimates for N content per cell were adjusted for 

heterotrophic cells by using an average C:N ratio measured in cultured heterotrophic 

bacterial cells of 5.2 (Vrede et al., 2002).  

Estimating NCD contribution from single-cell measurements 

 We carried out calculations in two different ways (with slightly different 

assumptions) to scale the nanoSIMS data to a volumetric context (summarized in 

Table 1) and provide a lower and upper bound approximation of the contribution of 

NCD diazotrophy to total activity at the stations sampled. These calculations 

combined single-cell nanoSIMS data, the frequency of particles on which we found at 

least one diazotroph, and particle abundances from each station. In the first 

calculation (conservative), we assumed the portion of NCDs on the surface of 

particles are representative of the total NCD abundance and simply multiplied the 

number of particles by the average number of NCDs found per particle and the 

average N2 fixation rate of NCD cells. This first method clearly underestimates the 

abundance of NCDs because our depth profile analyses of selected particles showed 

no difference in the relative abundance of NCDs at the surface of particles compared 

to the interior. Therefore, in the second set of calculations, we estimated the 

abundance of NCDs based on the abundance per unit volume of analysis, which we 

consider to be 1 micron in-depth for an average particle size (15 µm x 15 µm) times 
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an average particle depth of 4 µm. This estimate is more realistic but is still 

conservative because the actual depth of analysis is less than 1 micron, and using an 

average particle volume is assumptive. The mean NCD N2 fixation cell-specific rates 

(fmol N cell-1 d-1) represent the means based on a gamma distribution (Stns. 5 and 10, 

α = 0.05) or the mean of normal distributions (Stns. 20 and 22). Particles (> 5 µm) 

were quantified by staining filter pieces corresponding to nanoSIMS samples with 

DAPI (4′,6-diamidino-2-phenylindole,1µg µl-1) and counting with microscopy (Zeiss 

Axioplan epifluorescence microscope). Unattached cyanobacterial-like diazotroph 

abundances were estimated based on the volume of water equivalent to the area 

analyzed with nanoSIMS. 

Results and Discussion 

 Diazotroph diversity was investigated by sequencing nifH genes amplified 

from filtered seawater samples (Fig. 1). We detected both cyanobacterial and NCD 

nifH sequences at all locations sampled. Three locations had comparable relative 

abundances of cyanobacterial and NCD nifH sequences (Stns. 5, 10, and 20), while 

the western-middle stations were dominated by either cyanobacterial sequences (Stn. 

14) or NCD sequences (Stn. 17). The two eastern most stations (Stns. 22 and 23) had 

similar compositions, with approximately ¾ of the total sequences identified as 

cyanobacterial and the remaining ¼ of sequences identified as NCD. The most 

common non-cyanobacterial nifH sequence was the γ-proteobacterium known as 

“Gamma A” (Langlois et al., 2008; Zehr et al., 1998), a putative heterotroph also 

identified as γ-247211A (Moisander et al., 2008). Relative abundances of Gamma A 

ranged from 34 to 99% of the total non-cyanobacterial nifH sequences at each 
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location (Fig. S1). The non-cyanobacterial sequence with the second-highest relative 

abundance was also a putative γ-proteobacterium (cluster 1G) and ranged from 1 to 

48% of total NCD sequences per sample. Sequences from the 1O/1P cluster (namely 

b-proteobacteria) were also present but at much lower relative abundances (0 to 6% 

of NCD sequences). It is important to note that whole seawater nifH sequencing alone 

does not provide information about which NCDs may be particle-attached versus 

free-living. In fact, some particle-attached sequences may have been missed entirely 

as previous studies found that sequences from individual particles (>20 µm) were not 

well-represented in the whole water column diazotrophic community composition 

(Farnelid et al., 2019; Pedersen et al., 2018). Other studies have further indicated the 

possibility that some diazotrophic diversity may be missed or misrepresented due to 

PCR biases in nifH amplification and sequencing (Delmont et al., 2018; Turk-Kubo et 

al., 2014). Regardless, sequencing shows the potential for NCD N2 fixation through 

the presence and relatively high proportions of NCD nifH genes. 

 To determine the activity of the diazotrophic populations at specific locations, 

we measured community (bulk water) N2 fixation rates, which were relatively low 

(0.11 to 0.51 nmol N l-1 d1) (Fig. 1) compared to the well-studied Station ALOHA site 

in the NPSG (0.3 to 21 nmol N l-1 d-1) (Bottjer et al., 2017). The natural-light N2 

fixation rates were all above the MQR (3 stns > LOD), as were 4 out of 6 all-dark N2 

fixation rates (1 stn > LOD). Stn. 17 & 20 rates were below MQR and all-dark data 

for Stn. 23 are not available). Quantifiable all-dark N2-fixation rates accounted for 24 

to 69% of the natural-light N2 fixation rates. For comparison, all-dark to natural-light 
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N2 fixation in the NCD-dominant South Pacific Gyre ranges from 28% to over 100% 

(Halm et al., 2012) and 63% to over 100% in a temperate estuary (Bentzon-Tilia, 

Severin, and Hansen 2015). The comparison of all-dark to natural-light community 

N2 fixation rates could indicate photosynthesis independent N2 fixation. However, 

cyanobacteria that fix N2 in the dark such as Crocosphaera and Cyanothece (Mohr et 

al., 2010), both present in this study (Crocosphaera: 0-39% Cyanothece <1%, Fig. 

Stn. 1), make all-dark N2 fixation rates unreliable for estimating N2 fixation by NCDs. 

All stations in this study had both NCD and cyanobacterial nifH sequences present, 

thus preventing conclusions of NCD N2 fixation without making cell-specific 

measurements.  

 No unattached N2-fixing NCDs were found with the nanoSIMS approach. 

Initially, our analyses were untargeted, collecting data for all unattached and particle-

attached cells within a given filter area. During the untargeted analysis, we found 

several 15N-labeled NCD cells on particles but no unattached NCDs. Our untargeted 

analyses correspond to approximately 0.07 mL of seawater per station, or 

approximately 2.9 x 103 cells screened. Based on the absence of unattached NCDs, 

we can estimate that total unattached NCDs were less than 103 to 104 cells L-1. These 

unattached NCD abundances are within the range of nifH based qPCR abundances, 

from 3.0 x 102 nifH copies L-1 in the Eastern Tropical South Pacific (Turk-Kubo et al., 

2014) to 3.0 x 104 nifH copies L-1 in the North Pacific Subtropical Gyre (Moisander et 

al., 2014) for the potentially free-living fraction (less than 3 µm or 10 µm size 

fraction). On the other hand, the unattached NCD abundances are orders of magnitude 
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lower than primer-free metagenomic based abundances of 1.3x106 cells L-1 (< 1.6 or 

3 µm) from the Tara Ocean Database in the oligotrophic North Pacific (Delmont et 

al., 2017). The large difference in nanoSIMS versus metagenomic free-living NCD 

abundance estimates could imply a large proportion of the NCDs detected with 

metagenomics may not be actively fixing N2 and would therefore not be quantified 

using this nanoSIMS approach. Alternatively, there may have been a lower 

abundance of unattached NCDs during this study than when sampled using the 

metagenomic method. While particle-attached NCD N2 fixation was detectable, we 

found no evidence for N2 fixation by unattached NCDs in the surface ocean. 

 As we did not find unattached NCDs in the 7 sample locations using the 

untargeted nanoSIMS approach, we focused subsequent nanoSIMS analyses on 

particles, mapping and analyzing ~150 particles from each station. Of the total sample 

area analyzed, 75% of the nanoSIMS analysis was targeted for particles, and 25% 

was the untargeted approach, which included both unattached cells and a few 

particles. The number of areas analyzed with nanoSIMS plays a role in the probability 

of finding a NCD cell. Yet, the particle-targeted analysis increased the NCD 

encounter rate from 0.5 NCD per 100 analysis areas (untargeted approach, although 

the NCDs were found on particles) to 2.1 NCDs per 100 analysis areas (particle 

directed, high volume approach). This is further evidence that NCD N2 fixation was 

more prevalent on particles than in unattached cells. 

 All NCD cells measured using nanoSIMS analyses were associated with 

particles. A total of 69 out of 101 N2-fixing cells were identified as NCD as they were 
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enriched in 15N but lacked 13C enrichment, indicating no detectable CO2 fixation 

occurred. The 69 NCDS were found associated with 20 particles over 4 out of 7 

stations (Stns. 5, 10, 20, and 22). The remaining 32 cells (from the 101 total) were 

cyanobacterial-like diazotrophs as they were enriched in both 15N and 13C (Stns. 5, 

14, 22, and 23) which were found during particle analysis. NCD and cyanobacterial-

like cells were both found at stations 5 and 22, while stations 10 and 20 only had 

NCDs, and stations 14 and 23 only had cyanobacterial-like diazotrophs. The majority 

of NCDs (66 cells) were clearly particle-attached (Fig. 2a), while a small fraction of 

measured NCDs (3 cells) were particle-adjacent. Particle-adjacent NCDs were not 

directly visualized attached to particles but were found in the vicinity (<4 µm) of a 

particle during nanoSIMS analysis. Their proximity to a particle suggests the NCD 

may have dislodged from the particle or could have been connected to the particle by 

a polymeric substance that was lost during sample preparation. Particles available for 

analysis ranged from 5 to 210 µm in diameter, the latter being the pore size of the 

incubation pre-filter. We do not know if NCDs would have been found on larger 

particles that provide more microaerophilic zones conducive to N2 fixation. Further, 

the size of the particle we analyzed could only be measured up to the raster size (20 to 

40 µm) of the nanoSIMS analysis area, so some of these particles were likely larger. 

We found NCDs on a wide range of particle sizes, from 6 µm to larger than 40 µm. 

Particles with one or more associated NCD accounted for 3.6% of the total particles 

analyzed at Stn. 5, 4.1% at Stn. 10, 1.1% at Stn. 20, and 4.0% at Stn. 22. 

Approximately half of the particles with an associated NCD contained a single NCD, 
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although this is likely an underestimate as we did not acquire data through entire 

particles (nanoSIMS is a surface analysis technique). To examine this further, we 

randomly picked four particles with an associated NCD and analyzed these particles 

at multiple depths, finding additional NCDs in 3 of the 4 particles. As such, NCD 

abundances are underestimates due to missed N2-fixing cells that were within or on 

the underside of the analyzed particles.  

 We estimated the percent of new biomass synthesized from fixed N and C 

relative to total biomass, Nnet%, and Cnet%, respectively (Dekas et al., 2019; Popa et 

al., 2007), for each N2-fixing cell. The cell enrichment minimum thresholds (4x the 

standard deviation of unlabeled cells) for both 15N and 13C correspond to Nnet% = 

3.1% and Cnet% = 9.4% (Fig. 2b). NCD cells exhibited a broad range of Nnet% from 

3.8 to 98%, while Cnet% ranged from -8.7 to 5.7%. The Nnet% of cyanobacterial-like 

cells ranged from 3.8 to 28%, while Cnet% had a minimum of 9.9% and a maximum 

of 40%. For most cells, Nnet% and Cnet% were not equivalent, indicating the cells 

obtained either their N or C requirements from other sources. The cyanobacterial-like 

cells, for example, fixed both N and C but exhibited higher Cnet% values, indicating 

that they likely obtained their N from other sources in addition to diazotrophy. For the 

NCDs, 19% exhibited Nnet% values of 50% or higher, indicating that based on N, 

half or more of the cellular biomass had been synthesized during the isotope 

incubation. At this rate, NCDs could fulfill their full cellular N requirements through 

N2 fixation in 24-hours. The highest observed Nnet%, 98% (measured in one cell), is 

equivalent to 4 cell divisions in 24-hours. Such high growth rates have been observed 
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in NCD cultures under nutrient replete conditions, but this is unusually fast compared 

to the average generation time of marine planktonic and particle attached bacteria (9-

18 hours) (Bentzon-Tilia, Severin, and Hansen 2015; Ploug and Grossart 1999; L. 

Riemann, Steward, and Azam 2000) and may therefore reflect a smaller number of 

asymmetric divisions such as occurs in Planctomycetes (Delmont et al. 2018; Rivas-

Marín, Canosa, and Devos 2016). A Nnet% lower than 50% could indicate a growth 

rate slower than the incubation period (24-hours) or that the cells use other sources of 

N in addition to N2.  

 In addition to new biomass, we also calculated cell-specific N2 fixation rates 

for each particle-associated NCD to quantify net N2 fixed over the duration of the 

15N2 incubation by individual cells. NCD-specific N2 fixation rate interquartile ranges 

at each station were 0.38-0.74, 0.08-0.30, 4.07 (mean of 2 cells), 1.06-2.73 fmol N 

cell-1 d-1, west to east (Fig. 2; Table 1). Cell-specific rates ranged from 0.03 to 8.61 

fmol N cell-1 d-1 (Fig. 2c) with an overall average of 1.09 ± 1.61 fmol N cell-1 d-1. The 

cell-specific average was higher than those measured for NCD isolates from the 

Baltic Sea with a maximum of 0.06 fmol N cell-1 d-1 in minimal culture media and up 

to 0.2 fmol N cell-1 d-1 with replete labile C and NH4
+ (Bentzon-Tilia, Severin, and 

Hansen 2015), which could be present at high concentrations on marine particles. 

However, the cell-specific average was similar to a microaerobic NCD isolate from 

oxygenated Baltic Sea water with a cell-specific rate of 1.1 fmol N cell-1 d-1 (Paerl et 

al., 2018). The NCD cell-specific rates show particle attachment allowed NCDs to fix 

N2 in the oxygenated surface ocean contributing to the total fixed N available, a 
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process that was previously only hypothesized, but not demonstrated, to occur in the 

oligotrophic ocean.  

 We used the single-cell nanoSIMS data to estimate the contribution of NCDs 

to the total N2 fixation in our samples (Summarized in Table 1). Our volumetric 

estimates of NCD abundance ranged from 7.9 x 102 to 7.7 x 104 cells L-1, which is 

within the range of previously reported abundances of Gamma A, a commonly 

occurring NCD nifH sequence (Langlois et al., 2015; Moisander et al., 2014) and the 

most relatively abundant NCD nifH sequences recovered from our samples. Scaling 

the cell-specific rate averages from each station using the NCD abundance can 

provide a rough estimate of NCD contribution to community N2 fixation rates, noting 

that our calculations are based on underestimations. The more conservative NCD N2 

fixation totals were up to 0.011 nmol N L-1 d-1, accounting for up to 8.2% of the total 

community N2 fixation rates (natural-light incubations) and 16.4% of the all-dark 

community N2 fixation rates. The less conservative particle-volume-based 

calculations resulted in an NCD N2 fixation total of up to 0.067 nmol N L-1 d-1 

accounting for up to 22.1% of the total community N2 fixation rates of the natural-

light incubations and up to 44.2% of the all-dark community N2 fixation rates. We 

note that if the NCD activity represented the entire community N2 fixation rate, in the 

hypothetical absence of cyanobacteria, the NCD contribution values would fall below 

the MQR of the bulk measurements. Yet, if particle-attached NCD N2 fixation is 

light-independent, these low cell-specific rates and abundances may be significant 
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when depth-integrated, considering the large expanse of the dark ocean (Benavides et 

al., 2018b; Kuhn et al., 2018; Moisander et al., 2017; Rahav et al., 2013).  

 The calculated contributions of NCD activity to total fixed N discussed above 

are based on analyses of only several thousands of cells from seven stations on one 

cruise and a number of assumptions, and therefore are only rough estimates of the 

potential importance of this underexplored phenomenon in the world’s oceans. Our 

underestimation mainly derives from NCD and cyanobacterial abundances when 

scaling active N2-fixing cell numbers to volumetric abundances (cells L-1). The areas 

scanned during nanoSIMS analysis are missing N2-fixing cells that were in the 

interior or underside of particles, lowering the estimated cell abundances. Evidence of 

this is demonstrated by particle depth profiles (Fig. S2) in which 3 out of 4 particles 

harbored additional NCDs within the interior volume of the particle that were not 

measurable from the surface of the particle. To amend our estimates, we calculated 

NCD cells per unit volume using an average particle volume (15 µm by 15 µm by 4 

µm) which increases the estimated NCD N2 fixation contribution by 1.3 to 8.3x. 

However, the total volumes of the particles are still unknown. Our cell-specific N2 

fixation rates may further be underestimated due to dilution of the 15N (also impacting 

the corresponding 13C dilution for cyanobacteria) caused by the fixation process 

determined by Meyer et al. (2021) of up to 12% dilution (not included in our 

calculations). The comparison of bulk N2 fixation rates to community contribution 

from single-cell nanoSIMS analysis also supports that our calculations were 

underestimates since the bulk rates were greater than the total volume integrated NCD 
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and cyanobacterial single-cell data (Fig. S3), which was only a maximum of 24% of 

the bulk. Regardless of these underestimations, our empirical measurements still 

show that NCD activity can account for a portion of the community N2 fixation rates, 

contributing to the fixed N in the system.   

 This is the first demonstration of NCDs fixing N2 in the surface ocean, and all 

encountered NCDs were associated with particles. It has been hypothesized that 

particles may provide favorable microenvironments for NCD, including low oxygen 

(Church et al., 2005b; Klawonn et al., 2015a; Paerl and Prufert, 1987), high C 

concentrations, and low fixed N concentrations compared to C (Rahav and Giannetto, 

2016; Riemann et al., 2010). For heterotrophic NCDs, particle attachment would 

provide a readily available source of organic carbon compared to the water column. 

However, microaerophilic environments may not be a factor for the small particles 

surveyed in this study, as estimates for particle size ranges needed to harbor a 

microanoxic zone are ≥1 mm in diameter (Klawonn et al., 2015a; Ploug, 2001), and 

we found active NCDs on particles as small as 6 µm diameter. If microanoxic zones 

are required for N2 fixation, it is possible small particles with associated NCD may 

have initially been large enough to harbor microaerobic zones but were fractured 

during filtration or analysis preparation. Particle-attached N2 fixation affect the 

microscale biogeochemistry of the particles themselves, but on a larger scale, this 

process can transfer fixed N from the surface ocean to depth as the particles sink. 

 We found surprisingly low numbers of diazotrophic cyanobacteria-like cells 

compared to NCD cells (32:69). It is possible the particle-focused analysis 
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contributed to the lower number of cyanobacterial cells found as we would not 

necessarily expect to find free-living cyanobacteria associated with particles. 

However, a study comparing nifH sequences from the water column to particles at 

150 m found that while the water column had a higher relative abundance of 

cyanobacteria, the sequences recovered from particles were 44.5% cyanobacterial 

(Crocosphaera, UCYN-A Richelia, and Trichodesmium) (Farnelid et al., 2019). 

Cyanobacterial nifH sequences were also found at 4000 m (Crocosphaera and 

Richelia) (Poff et al., 2021), yet the cyanobacterial diazotrophic activity on particles 

is unknown. As such, the lower cyanobacterial abundances may be due to the 

possibility of typically C-fixing cyanobacteria being able to use heterotrophic C 

acquisition while attached to particles and would therefore be categorized as a NCD 

in this study. Both Trichodesmium and Cyanothece have shown evidence of 

mixotrophy by incorporating dissolved organic C while maintaining their N2 fixing 

capability (Benavides et al., 2017; Feng et al., 2010). Although the absolute 

abundance of N2-fixing organisms found with nanoSIMS was underestimated in this 

study, the proportion of N2-fixing cyanobacterial diazotrophs to N2-fixing NCDs on 

particles should not be affected, resulting in a surprising lack of C-fixing diazotrophs. 

Future studies on particle-associated diazotrophs that can incorporate cell identity as 

well as C and N2 fixation rates would lead to valuable insights into the C-fixing 

potential of particle-attached cyanobacteria. 

 Our confirmation of N2 fixation by NCDs attached to particles in surface 

waters of the oligotrophic ocean sheds light on how these organisms may overcome 
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the difficulties of heterotrophically-fueled N2 fixation in this low nutrient 

environment. Additionally, NCDs attached to particles could sink out of the euphotic 

zone extending the depth range of N2 fixation. The particle-associated N2 fixation 

would have local effects on particle dynamics, allowing for C remineralization even 

after initial bioactive N sources were depleted (Pedersen et al., 2018). Our data 

showing previously unidentified particle-associated heterotrophic N2 fixation in the 

surface ocean demonstrates the need for a more careful evaluation of microscale 

interactions in these processes. 
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Figures 

Figure 1: N2 fixation rates and community composition by station. Map inset shows 

stations sampled across the North Pacific Subtropical Gyre. The bar chart shows 

community N2 fixation rates for natural-light (yellow) and all-dark (dark grey) 

incubations. Error bars are the standard deviations of the averages of triplicate 

incubations. N2 fixation rates marked with asterisks fall below the LOD, but above 

the MQR, all-dark values at S17 and S20 were below LOD and MQR (red), no data 

were available for S23 all-dark incubation. The lower pie charts show the relative 

proportion of cyanobacterial (green) and NCD (light grey) nifH sequences at each 

station. 
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Figure 2: NanoSIMS data. A) Example images of 2 particles with associated NCDs 

(red arrows). Images show particles with attached cells enriched in 15N (A1 and A3) 

but not enriched in 13C (A2 and A4). Color scale bars correspond to At% enrichment 

for the given isotope. Green arrows show cells enriched in 13C but not 15N, similar 

to what we would expect for non-diazotrophic autotrophs. Scale bar is 5 µm. B) 

Cnet% versus Nnet% of cells enriched in 15N, lines show Cnet% and Nnet% 

minimum enrichment thresholds. The minimum enrichment thresholds section the 

data points into quadrants. Data points in the upper left quad are cells enriched in 15N 

and counted as NCD. Points in the upper right quadrant are cells enriched in 13C and 

15N and classified as cyanobacterial-like cells. The lower two quadrants constitute 

heterotrophic cells (bottom left) and C-fixing (autotrophic) cells (bottom left) which 

make up >99% of the data analyzed (data not plotted). C) Cell-specific N2 fixation 

rates, by station. Data points represent individual cells, and the horizontal line shows 

the mean from each station. 
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Chapter 4 

Visualization of two uncultivated marine diazotrophs, the 

non-cyanobacterium ‘Gamma-A’ and the symbiotic 

cyanobacterium UCYN-A, using fluorescent in situ 

hybridization of the nifH gene (geneFISH). 
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Abstract 

 Marine nitrogen (N2)-fixing microorganisms are an important source of N in 

marine ecosystems. Many marine N2-fixing organisms (diazotrophs) are uncultivated, 

and little is known about their cell morphology, physiology, or lifestyle. Catalyzed 

reporter deposition-fluorescence in-situ hybridization (CARD-FISH) can be used to 

visualize and identify marine bacteria with a known 16S rRNA gene sequence. 

However, the 16S rRNA gene sequence is unknown for many uncultivated marine 

bacteria, including many non-cyanobacterial diazotrophs (NCD), which have only 

been identified by the sequence of a nitrogenase encoding gene, nifH. One such 

sequence type is Gamma A, a widespread, commonly occurring NCD that currently 

lacks a known 16S rRNA gene sequence and therefore cannot be visualized with 

traditional CARD-FISH approaches. Relatively little is known about Gamma A aside 

from the information gathered based on nifH gene presence (PCR) and transcription 

(reverse transcriptase PCR). To learn more about the lifestyle and morphology of 

Gamma A, we visually identified Gamma A cells by targeting the nifH gene for in 

situ hybridization. In this study, we employed geneFISH to link cell identity with the 

presence of the nifH gene in individual cells. Successful identification of Gamma A 

revealed rod-shaped cells (~1.5 x 0.6 µm), the majority of which were associated with 

particles. To validate the approach, we also targeted the symbiotic unicellular, 

cyanobacterial N2-fixing group A (UCYN-A), which has been previously visualized 

by CARD-FISH. GeneFISH allowed us to clearly visualize the UCYN-A2 

sublineage, which also showed for the first time that these cyanobacterial cells 
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contain multiple copies of the nifH gene. GeneFISH promises to be a useful tool for 

studying uncultivated N2-fixing bacteria in the environment. 
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Introduction 

 Biological nitrogen fixation (BNF) is an important source of bioavailable 

nitrogen (N) to ecosystems both on land and in the oceans (Galloway et al., 2004, 

2008; Luo et al., 2012; Sohm et al., 2011). BNF is performed by diverse groups of 

Bacteria and Archaea known as diazotrophs. Diazotrophs reduce atmospheric 

dinitrogen (N2) to ammonia, a bioavailable form of N, and this input of fixed N is an 

important source for ecosystem primary productivity in terrestrial and aquatic 

environments (Capone et al., 2005; Galloway et al., 2004, 2008; Karl et al., 2008; 

Zehr and Kudela, 2011). Although some diazotrophs have been cultivated, many are 

yet uncultivated, so nothing is known about their morphology, physiology, or lifestyle 

(such as symbiosis, attachment to particles, or free-living cells). The application of 

molecular techniques such as amplifying the nifH gene, a functional gene marker that 

encodes a subunit of the Fe protein of the nitrogenase enzyme, substantially expanded 

the known diversity of diazotrophs (Zehr et al., 1998). In the pelagic marine 

environment, N2 fixation was historically ascribed to the filamentous nonheterocyst-

forming cyanobacterium Trichodesmium and heterocyst-forming symbionts of 

diatoms (Richelia). The application of nifH gene amplification and sequencing 

methods over the last thirty years has shown a great diversity of other diazotrophs 

present in the oceans, including unicellular cyanobacterial and non-cyanobacterial 

diazotrophs (Zehr et al., 1998). Non-cyanobacterial diazotrophs have the genetic 

potential to fix N2 based on the presence of the nifH gene and are putative 

heterotrophs or photoheterotrophs, meaning they do not fix carbon.  
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 Cyanobacterial diazotrophs, including Trichodesmium and the more recently 

discovered UCYN-A symbiosis, are well documented to be significant contributors to 

BNF in the surface ocean (Church et al., 2009; Goebel et al., 2010; Martínez-Pérez et 

al., 2016; Montoya et al., 2004; Turk et al., 2011), while the importance of non-

cyanobacterial diazotrophs (NCD) remains in question (Bombar et al., 2016; 

Moisander et al., 2017; Riemann et al., 2010). Diazotroph diversity determined by the 

nifH sequences shows NCDs are the most commonly recovered nifH sequences 

globally (Delmont et al., 2018; Farnelid et al., 2011), implying that these organisms 

could be ecologically meaningful. However, most commonly occurring marine NCDs 

are only known by their amplified nifH gene sequence, as only a handful of cultured 

representatives exist from coastal systems (Bentzon-Tilia et al., 2015; Farnelid et al., 

2014; Martinez-Perez et al., 2017; Paerl et al., 2018). Little is known about marine 

NCD physiology or their significance in BNF, and what is known is primarily based 

on studies of nifH gene sequences, which show that NCDs are active (mRNA) and 

abundant (DNA) in the open ocean (Bird et al., 2005; Church et al., 2005b; Delmont 

et al., 2017; Farnelid et al., 2011; Halm et al., 2012; Riemann et al., 2010). While the 

few NCD cultured representatives show BNF activity in laboratory-based suboxic 

conditions (Bentzon-Tilia et al., 2015; Farnelid et al., 2014; Martinez-Perez et al., 

2017; Paerl et al., 2018), only one Alphaproteobacterium has been measured directly 

for BNF activity in situ but did not show evidence of N2 fixation (Martinez-Perez et 

al., 2017).  Determining the NCD N2 fixation contribution to total community N2 

fixation rates is difficult since N2 fixation rates are generally measured in bulk water 
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samples containing mixed assemblages of species, and it is unknown if the NCDs fix 

N2 or if the N2 fixed is quantitatively significant relative to fixed N input by 

cyanobacterial diazotrophs. 

 The NCD sequence type γ-2474A11 also called Gamma A (Moisander et al., 

2008), is one of the most well-studied NCDs due to its widespread distribution and 

stable abundances based on the nifH gene (Langlois et al., 2015; Moisander et al., 

2014). The widespread abundance of Gamma A nifH genes and transcripts indicate 

that they may be important contributors to open ocean N2 fixation. Gamma A is a 

putative Gammaproteobacterial diazotroph identified by the nifH gene sequence and 

is found throughout the oligotrophic tropical and subtropical ocean (Langlois et al., 

2015; Zehr et al., 1998). The mean abundances (102 nifH copies L-1 ) of Gamma A are 

comparable to those of the globally significant cyanobacterial diazotroph UCYN-A 

(Moisander et al., 2014; Shiozaki et al., 2017) over large areas. Gamma A maximum 

abundances rarely exceed 104 nifH gene copies L-1, making them rare compared to 

other cyanobacterial diazotrophs, but Gamma A sequences are regularly recovered in 

low latitude sampling efforts (Langlois et al., 2015; Shiozaki et al., 2017). Gamma A 

abundances are positively correlated with oxygen (O2), light, and warm, low-nutrient 

waters (Langlois et al., 2015; Moisander et al., 2014).  

 It has been hypothesized that Gamma A may be associated with particles 

(Benavides et al., 2016, Langlois et al., 2015). Gamma A nifH sequences are more 

abundant in the larger, 10 to 3 µm size fraction compared to the 3-0.2 µm size 

fraction where free-living bacteria are generally collected (Benavides et al., 2016; 



96 

 

Gradoville et al., 2020; Langlois et al., 2015). Based on metagenomic evidence, 

Gamma A is also found in size fractions up to 2000 µm (Cornejo-Castillo and Zehr, 

2021). Additionally, Gamma A sequences have been found on individual and bulk 

particles (Farnelid et al., 2019) at 150 m depth. Depending on the origin, history, and 

size of the particles, they may provide ideal microenvironments for heterotrophically 

fueled N2 fixation because of the availability of fixed carbon (C) and internal 

microaerobic microzones. Microaerobic microzones caused by microbial respiration 

within the particle would help protect the O2 sensitive nitrogenase enzyme from 

irreversible inactivation (Paerl and Prufert, 1987; Ploug, 2001).  

 One of the major limitations in characterizing the uncultivated NCD Gamma 

A is the direct visualization and identification of cells. Visualization of uncultivated 

Gamma A cells could help to determine if they are free-living, symbiotic, or attached 

to particles, but currently, there is no way to visualize Gamma A since it is not known 

if they have unique pigments and the16S rRNA gene sequence of this group has not 

yet been obtained, which would otherwise facilitate visualization by rRNA based 

fluorescent in situ hybridization (FISH) approaches. To address this problem, we 

explored the use of the in situ hybridization approach known as geneFISH (Moraru et 

al., 2010). Gene targeted FISH methods have been successfully used to identify cells 

based on functional genes of interest, including genes involved in ethene oxidation 

(Richards and Mattes, 2021), antibiotic resistance (Gallego et al., 2020), 

biodegradation (Matturro and Rossetti, 2015), denitrification (Masuda et al., 2020) 

and nitrification (Moraru et al., 2010). GeneFISH allows the presence of a functional 
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gene (e.g., nifH gene) and the class level identity of a cell (e.g., 

Gammaproteobacterial 16S rRNA) to be linked in environmental samples (Moraru et 

al., 2010). We designed nifH geneFISH probes for the globally significant 

cyanobacterial diazotroph UCYN-A to validate the approach. We then developed a 

Gamma A nifH gene probe for Gamma A to visualize Gamma A cells in seawater 

samples from the North Pacific Subtropical Gyre (NPSG). The results of the 

successful hybridizations of UCYN-A and Gamma A provide new information on the 

lifestyle of these uncultivated diazotrophs and show the promise of geneFISH for 

marine N2 fixation studies.  

Methods 

DNA samples 

 DNA samples for clone library preparations of UCYN-A were collected 

during a cruise on the R/V Ka’imikai-O-Kanaloa (KOK), 19 April 2016 to 3 May 

2016 at 26.3oN, 158oW. Water samples (2 L) were collected with Niskin® bottles 

attached to a rosette with an attached conductivity, temperature, depth (CTD) sensor. 

A peristaltic pump then filtered samples through 25 mm, 0.2 μm pore-size Supor 

membranes (Pall Corporation, New York, USA); samples were flash-frozen in liquid 

nitrogen and stored at -80oC until processing. DNA was extracted using a DNeasy 

Plant Mini Kit (Qiagen, Hilden, Germany) with modifications for increased cell lysis 

(Moisander et al., 2008). The nifH gene was amplified by PCR using degenerate 

universal nifH primers nifH3/nifH4 and nifH1/nifH2 in a nested reaction (Zehr and 

Mcreynolds, 1989). Amplification was performed on a Bio-Rad MyCycler 
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thermocycler. The initial round of PCR reactions included: 1× Platinum Taq DNA 

polymerase PCR buffer (Thermo Fisher, Waltham, MA, USA), 250 μM dNTPs 

mixture, 4 mM MgCl2, 2 units Platinum ® Taq DNA polymerase (Thermo Fisher), 

0.5 μM of each primer (nifH3 and nifH4), 2 μL of environmental DNA sample as a 

template and up to 25 μl 5 kD-filtered nuclease-free water (Amicon® Ultra-15 

Centrifugal Filter, Millipore Sigma, Burlington, MA, USA). The thermocycler 

protocol was set to; initial denaturation of 95oC for 3 minutes followed by 25 cycles 

of denaturation at 95oC for 30 seconds, annealing at 55oC for 30 seconds, elongation 

at 72oC for 45 seconds, with a final single elongation at 720C for 7 minutes. The 

second round of the nested PCR followed the same reagent recipe as round 1 except 2 

µl of the round 1 PCR product was used as the template, and primers nifH1/nifH2 

were used. The thermocycling conditions were as described, except the annealing 

temperature was 55oC. Duplicate negative controls were run in parallel. PCR 

amplification products were verified by running them in 1.4% agarose gel and 

excising the band for gel extraction using QIAquick Gel Extraction Kit (Qiagen) 

following kit protocol including steps for increased yield. Purified fragments were 

cloned using a pGEM®-T Easy Vector system (Promega, Madison, WI, USA), 

following the manufacturer’s instructions. Clones were grown in 96 well plates 

followed by plasmid purification using Quick Plasmid Miniprep Kit (Invitrogen-Life 

Technologies, Carlsbad, CA, USA). Sanger sequencing of partial nifH amplicons was 

carried out at the UC Berkeley DNA Sequencing Center (UC Berkeley, CA, USA). 
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 DNA samples for clone library preparations of Gamma A were collected from 

environmental water samples (2 L) on cruise KOK1507 in the North Pacific 

Subtropical Gyre in August 2015 at 24 32.561oN, 156 17.488oW from 25m depth. 

DNA was extracted as described, and a fragment of the nifH gene was amplified with 

PCR using a y-24774A11-specific primer (Moisander et al., 2014). Amplification was 

done according to Invitrogen Platinum Taq PCR protocol in short (1x Platinum Taq 

DNA polymerase PCR Buffer (minus Mg), 0.2 mM dNTP mixture, 1.5 mM MgCl2, 

0.2 µM of each primer, 1 unit Platinum® Taq DNA Polymerase, 1 µl DNA template, 

and up to 50 µl 5 kD-filtered nuclease-free water (Amicon®). The thermocycler 

protocol is described previously in Moisander et al. (2014) in summary; initial 

denaturation of 95oC for 2 minutes followed by 30 cycles of denaturation at 94oC for 

30 seconds, annealing at 560C for 30 seconds, elongation at 72oC for 30 seconds, with 

a final single elongation at 720C for 7 minutes. PCR products were purified, cloned, 

and sequenced as described above. 

Environmental geneFISH samples  

 Environmental water samples for geneFISH application were collected from 

various cruises in the North Pacific Ocean. Samples collected in the California 

Coastal Current (31.5o N, 120.3oW) on cruise SP1727 aboard the R/V Gordon Sproul 

in October 2017 were used to optimize the geneFISH protocol for Gamma A. Gamma 

A was further observed in samples from the western North Pacific Subtropical Gyre 

(NPSG: 25.7oN, 162.7oE) on cruise SR1917 aboard the R/V Sally Ride in November 

2019. Environmental samples for UCYN-A geneFISH visualization were collected 
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from the Bering Strait (64.9oN, 167.1oW) aboard the R/V Sikuliaq in August 2017 

and California Coastal Current (31.5o N, 120.3oW). Environmental water samples 

were collected with Niskin bottles attached to a CTD rosette from 3 to 15 m depth, 95 

ml of water was fixed (1.8% formaldehyde) at 4oC for up to 72 hours and filtered 

onto 0.6um polycarbonate filters (Millipore Sigma) under gentle vacuum filtration. 

Samples were flash-frozen in liquid N2 and stored at -80oC until use.   

Quantitative-PCR 

 UCYN-A and Gamma A volumetric abundances (nifH gene copies L-1) were 

calculated using quantitative PCR (qPCR) with TaqMan chemistry and specific 

primer and probe sets. UCYN-A2, a coastal sublineage (2.5 µm diameter symbiont; 7 

µm diameter symbiosis including host cell) of the UCYN-A group (Cornejo-Castillo 

et al., 2016; Turk-Kubo et al., 2017), was quantified with UCYN-A2 specific primers 

and probes (Thompson et al., 2014). Gamma A abundances were evaluated using 

Gamma A specific qPCR primers and probes (Moisander et al., 2010). An Applied 

Biosystems 7500 Real-Time PCR system thermocycler was used for amplification. 

Reaction mixtures for both UCYN-A2 and Gamma A qPCR assays follow: 12.5 μL 

2x TaqMan Mastermix (Applied Biosystems, Carlsbad, CA, USA), 1 μL each primer 

(forward and reverse, 10 µM), 0.5 μL of the probe (10 μm) and 2 μL of the template 

DNA, and 5 kD-filtered nuclease-free water (Amicon® ) with a final volume of 25 

μL. Samples were run in duplicate, and each run (96 well plates) contained replicate 

no template controls, inhibition controls, which included the 105 standard added to the 

sample template, and replicate standards (100 to 107 nifH gene copies per reaction) of 
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the target gene sequence. The limit of detection (LOD) for the qPCR assay based on 

the volume of water sampled and reactions containing 2 µL template is 2 x 101 nifH 

copies L-1 while the limit of quantification (LOQ) is 1 x 102 nifH copies L-1 (Goebel 

et al., 2010).  

CARD-FISH 

 A double hybridization CARD-FISH was used to quantify UCYN-A2 in 

environmental samples. The UCYN-A CARD-FISH protocol has been previously 

described in detail (Cabello et al., 2015; Cornejo-Castillo et al., 2016). In summary, 

B. bigelowii host cells and the UCYN-A2 symbiont were identified using 5′-

horseradish peroxidase (HRP)- labeled oligonucleotide probes (Biomers.net, Inc., 

Ulm, Germany) specific to each cell followed by Tyramide signal amplification 

(TSA). Unlabeled helper and competitor oligonucleotides were added to facilitate 

hybridization and discriminate against non-target similar sequence types, 

respectively. Hybridization and the TSA reaction for the host cells were first followed 

by hybridization and TSA reaction for UCYN-A. The B. bigelowii host rRNA was 

targeted first with an HRP-labeled probe, URADO-69, with associated helpers 

(Helper A PRYM, Helper B PRYM) and competitors (UBRADO-69 competitor) 

using a 40% FA hybridization buffer. UCYN-A was targeted using the HRP-labeled 

probe, UCYN-A2 732, in combination with associated helpers (Helper A-732, Helper 

B-732) and competitor against UCYN-A1 an unlabeled oligonucleotide, UCYN-A2 

competitor, using a 50% FA hybridization buffer. Briefly, cells were embedded on 

filters with 0.1% Ultrapure agarose (Life Technologies, Carlsbad, CA), then 
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permeabilized in a lysozyme (Millipore Sigma) solution. Hybridization temperatures 

for the HRP-labeled probes were 46°C for the host (overnight) and 35°C for the 

symbiont (3 hours) in the respective hybridization buffers. Samples were washed to 

remove un-hybridized probes before TSA. The tyramides used for the host signal 

amplification were Alexa 488 fluorophore (Biomers.net), while UCYN-A2 was 

labeled with the Cy3 fluorophore (Biomers.net). After the initial host signal 

amplification, introduced probe HRPs were deactivated with 0.01M HCL preceding 

UCYN-A probe hybridization. After UCYN-A2 hybridization and amplification, 

filters were air-dried and stained with DAPI (4′, 6- diamidino-2-phenylindole, 1 µg 

mL-1) for 10 minutes at room temperature, followed by 3x washing in MilliQ water 

and air drying. Once dry, filter pieces were mounted on a glass slide with ProLong™ 

Diamond Antifade Mountant (Molecular Probes, Eugene, OR, USA) and stored at -

20oC until viewed with epifluorescence microscopy. 

Gamma A geneFISH probe design  

 The Gamma A geneFISH probe is designed based on a collection of Gamma 

A nifH sequences that represent the microdiversity within the sequence type. Gamma 

A partial nifH gene sequences were trimmed to remove vector and primer sequences 

and quality controlled using Sequencher (Gene Codes Co., Ann Arbor, MI, USA). 

Sequences were further quality checked and aligned in ARB (Ludwig et al., 2004), 

nucleotide sequences were translated into amino acid sequences, and any sequences 

with misplaced stop codons or unable to fit alignment were removed. Gamma A nifH 

sequences from the constructed clone library (81 clones) plus additional reference 
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sequences (42) cover the spectrum of diversity within the Gamma A operational 

taxonomic unit (OUT), defined as 97% sequence similarity. Sequences were used as a 

database to design Gamma A specific geneFISH probes using Polypro (Moraru et al., 

2011). All Gamma A nifH fragment sequences available in E. coli clones were 

marked as potential probe templates, while environmental sequences and clones were 

marked as targets. Maximum percent mismatch of 5 % (%MM) and melting 

temperature (delta Tm) of 0.05oC.  The best matching available probe sequences is 

GAGCAAACAATGTAGATTTCCTGAGCCTTATTC TCACGAATAGGCATTGC 

AAATCCGCCACAAACCACATCACCTAGAACATCATAAAAAACGAAATCT

AAGTCGTCTGAATATGCACCTTCCTCTTCAAGGAAGTTAATCGCGGTAAT

AACACCACGACCAGCACAGCCAACTCCAGGCTCAGGACCACCTGACTCCA

CGCACTTAATGTCGCCAAAGCCAACCTTAAGCACTTCTTCAAGCTCAAGA

TCCTCTACCGTGCCAGCCTGTGCAGCCATCTCCATTATTGTGTTTTGCGCTT

TTGAGTGCAGAATAAGACG. 

GeneFISH probe synthesis  

 Synthesis of the double-stranded DNA probe used in geneFISH is dependent 

on the chosen sequence template and PCR. The UCYN-A nifH phylotype is highly 

conserved even among different sublineages of UCYN-A (95% nucleotide similarity 

between UCYN-A1 versus UCYN-A2). Based on the UCYN-A nifH sequences 

available in our clone library, we chose the highest quality sequence that matched the 

UCYN-A specific PCR primer set. The probe sequence selected was UCYN-A1, an 

open ocean sublineage that is 1 µm in diameter but is associated with a 3 µm diameter 
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haptophyte host (Thompson et al., 2014). Double-stranded UCYN-A DNA probes 

were synthesized according to Moraru et al. (2010) from E. coli clones containing the 

chosen template nifH gene sequences by incorporating digoxigenin (DIG)-

11deoxyuridinetriphosphate (dUTP) by PCR. Replicate reactions were run using the 

Dig Probe Synthesis Kit (Cat. No. 11636090910, Roche, Basel, Switzerland) and 

UCYN-A specific primers (univ_UCYN-A_F/ univ_UCYN-A_R, Turk-Kubo et al., 

2017) at an annealing temperature of 55oC, following the manufacturer instructions. 

The reaction mixtures contained 2.5 µl 10x PCR Buffer with MgCl2, 2.5 µl PCR DIG 

Probe Synthesis Mix, 2. 5 µl of each UCYN-A specific forward and reverse primers 

(10 µM), 0.375 µl Taq Enzyme mix, 1 µl DNA template, and up to 25 µl with 5 kD-

filtered nuclease-free water (Amicon®). Thermocycler conditions started with an 

initial denaturation of 95oC for 2 minutes followed by 30 cycles of denaturation 95oC 

for 30 seconds, annealing 55oC for 30 seconds, and elongation at 72oC for 40 

seconds, and a final elongation of 7 minutes at 72oC. PCR reactions without the 

incorporation of Dig were run in parallel as well as negative template controls. PCR 

products were verified by agarose gel electrophoresis (1.4% agarose); Dig 

incorporated PCR products are larger than the Dig free counterparts, visibly evident 

as the PCR products migrate through the agarose gel matrix. Dig incorporated PCR 

products were purified with column purification (genElute PCR purification Kit, 

Sigma-Aldrich, St. Louis, MO, USA), the resulting DNA concentrations were 

measured spectrophotometrically using a NanoDrop instrument (Thermo Fischer), 
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and probes were stored at -20oC in water. Probes are stable for over 1 year and were 

allowed three freeze-thaw cycles. 

Gamma A double-stranded DNA geneFISH probes were synthesized using the 

chosen Gamma A nifH containing plasmid. Gamma A probes were synthesized, 

purified, and stored following the same protocol described above for UYCN-A, 

substituting Gamma A-specific PCR primers (γ-24774A11-specific, Moisander et al., 

2014) and an annealing temperature of 56oC. 

E. coli clone controls 

 Escherichia coli (E. coli) clones containing Gamma A nifH plasmids were 

used as controls to test the Gamma A probe functionality. Several E. coli clones 

containing different Gamma A nifH sequences were grown in LB Buffer (Thermo 

Fisher) + Carbenicillin (100 µg ml -1). The clones were not induced to produce 

multiple plasmids, and geneFISH samples were taken when clone growth reached the 

late exponential phase before entering the stationary phase. A volume of 0.2 ml of E. 

coli culture was fixed with formaldehyde (1.8%), vacuum filtered onto 0.6 pore size 

polycarbonate filters (GTTP, Millipore Sigma), and stored at -20oC until use. Gamma 

A nifH E. coli clones used to check for specificity included the clone containing the 

plasmid of the probe template (100% identical to the probe), a Gamma A clone 

containing a plasmid 98.7% identical to the probe, and the most dissimilar clone 

available to us having a 97.9% identity over the length of the probe. Clones were 

additionally used to test optimum formamide concentration (10, 15, 20, 35, 40, 50% 

FA). Based on the number of cells with positive signal and higher signal to noise 
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ratio, 50% FA was chosen for further hybridization buffer concentrations. E. coli 

clones containing UCYN-A nifH plasmids and E. coli without nifH plasmids were 

similarly prepared for use as negative controls for Gamma A.  

GeneFISH protocol summary 

 The geneFISH protocol used in this study is described previously in Moraru et 

al. (2010), but an overview of the method is summarized here. Sample filters are cut 

into 1/6 sections, followed by cell permeabilization, then inactivation of endogenous 

peroxidases with HCl before gene hybridization. Hybridization consists of a pre-

hybridization step, followed by denaturation of double-stranded probes at 85oC, then 

a final overnight hybridization at 46oC. After gene hybridization, excess probes are 

washed away before antibody binding in which HRP conjugated anti-DIG antibodies 

bind to the DIG-dUTPs synthesized into the nifH gene probe. Lastly, tyramide signals 

are amplified by CARD using the HRPs attached to the target nifH gene. The 

introduced gene-bound HRPs are then inactivated (HCl), and a second typical CARD-

FISH protocol follows, targeting the rRNA of a broader group of target cells. This 

double hybridization procedure allows a gene of interest (nifH) to be co-localized 

within a target group (Gammaproteobacterial) identified through the 16S rRNA gene. 

Modifications of the geneFISH protocol 

 Several adjustments were made to optimize the protocol for our study system. 

All buffers and procedures follow Moraru (2010) unless described below. Before 

hybridization, the cells underwent more permeabilization with 10 mg ml-1 lysozyme 

for 1 hour at 37oC followed by 60 U ml-1 achromopeptidase for 30 min at 37oC. Initial 
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inactivation of the endogenous peroxidases was done with 0.05 M HCL for 10 min at 

room temperature, and gene hybridization and amplification were done before the 

rRNA CARD-FISH protocol.  

 To prepare the cells (pre-hybridization) for gene hybridization, filter sections 

were incubated in hybridization buffer (50% Formamide (FA)) without probes for 1 

to 3 hours at 46oC. Filter pieces were transferred to the hybridization solution (50% 

FA hybridization buffer + gene probe) containing 5 pg µl-1 of the polynucleotide gene 

probe and incubated at 85oC for 50 min to denature the double-stranded 

polynucleotide probes before incubation at 46oC for 18 to 20 hours. Hybridization 

washing buffers (I and II) are made as described in Moraru et al. (2010). Washing 

was performed with Washing buffer I (2x 10 min) followed by washing buffer II (2x 

1 min), followed by washing buffer II for 1.5 hours with gentle shaking, with all 

washing steps done at 460C.   

 The amplification of tyramides corresponding to the gene hybridization was 

adjusted for increased signal allowing for better visualization of rare cells. Samples 

were incubated in geneFISH specific amplification buffer (Moraru et al., 2010) 

containing 0.0015% H2O2 and 10 µl ml-1 Alexa594 (Invitrogen) at 37oC for 1 hour.  

 The degradation of rRNA step of the protocol was skipped as potential probe 

attachment to rRNA would only increase the signal intensity, and DNA-specific 

binding was not necessary for this application. Although, as part of the proof of 

concept using UCYN-A2, the rRNA was degraded to verify that the signal originated 

from DNA and not rRNA. UCYN-A rRNA was degraded with RNAase. The RNAse 
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solution contained 4 µl (800 µg ml-1) RNAse (Qiagen) into 500 µl (1 M Tris-HCL)) 

and water up to 5 ml, sampled were incubated in the solution overnight at 37oC or 30 

minutes at 65oC.  

Introduced HRPs from gene hybridization were inactivated before the second 

hybridization (rRNA hybridization) by incubating samples in 0.2 M HCL for 10 

minutes at room temperature.  

 The geneFISH protocol for UCYN-A was the same as described for Gamma 

A, except samples were only permeabilized with lysozyme as described. The 

amplification of the gene signal was 10 minutes at room temperature, according to 

Moraru et al. (2010).  

geneFISH rRNA hybridization  

 After gene hybridization and amplification, the rRNA of the cells are targeted 

for hybridization to connect cell identity to the presence of the gene. The E coli 

controls were hybridized with the general CARD-FISH bacterial probe EUB I-III 

(Amann et al., 1990) using a 35% FA hybridization buffer. In environmental samples 

with UCYN-A2, the attached B. bigelowii host rRNA was targeted with URADO-69 

probe with associated helpers (Helper A PRYM, Helper B PRYM) and competitors 

(UBRADO-69 competitor) using 40% FA hybridization buffer following description 

by Cornejo-Castillo et al. (2016). The environmental Gamma A samples were 

hybridized with a general Gammaproteobacterial probe Gam42a with a 35% FA 

hybridization buffer (Manz et al., 1992). The rRNA hybridizations were incubated at 

46oC for 2 hours before washing, followed by CARD amplification. For CARD 
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amplification, samples were incubated in amplification buffer containing 1 µl ml-1 

Alexa488 (Invitrogen) and 0.0015% H2O2 for 45 minutes at 37oC. Hybridization, 

washing, and amplification buffers were as described in Pernthaler et al. (2004). After 

the amplification procedure, samples were stained with DAPI and mounted on a glass 

slide described above for CARD-FISH. Slides were stored at -20oC until viewed with 

epifluorescence microscopy. 

Negative controls 

 Various negative controls were included to verify the steps of the protocol and 

the specificity of the hybridizations. Initial endogenous peroxidase inactivation and 

secondary introduced peroxidase inactivation controls were included, samples were 

inactivated and then amplified to ensure all non-target peroxidases were inactivated. 

E. coli cells containing nifH plasmids identified as UCYN-A2 were used as specific 

controls, and E. coli cells without plasmids were used to control false-positive 

signals. Additionally, E. coli clones containing Gamma A nifH plasmids that had 

been digested with DNAase (0.2 U µl-1, Qiagen) overnight at 37oC followed by 

DNAse inactivation (25min @ 75oC) and 2x washing in 1xPBS (as described in 

Moraru 2010) were used as a negative control. Environmental samples with no or 

undetectable abundances of Gamma A as measured by qPCR were used as negative 

environmental controls.  

Imaging 

 Samples and controls were imaged under epifluorescence with a Zeiss 

Axioplan or Zeiss Axio Imager.Z2 microscope equipped with digital imaging at the 
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University of California, Santa Cruz. Counts of hybridized cells used to calculate 

volumetric cell abundance (UCYN-A) were performed in triplicate transects (~8.0 × 

0.1 mm2 each) across the length of the filter pieces (Cabello et al., 2015). The number 

of Gamma A geneFISH hybridized cells were counted over the whole filter section 

used for hybridization. 

NanoSIMS 

 To investigate Gamma A N2 fixation activity in the Western Pacific, triplicate 

15 m depth seawater samples (<210 um, 4.4 l) were injected with a 15N2 gas bubble 

(98%+, lot # - I-22779?AR0720534, Cambridge Isotopes, Tewksbury, MA, USA, ) 

using the bubble release method (Klawonn et al., 2015b). The 15N2 bubble was 

equilibrated with the seawater by rolling the bottle back and forth for 20 minutes (~25 

rpm) before the bubble was released and 13C-bicarbonate was added (60 µM, 99%, 

Cambridge). Triplicate incubations were transferred to flow-through deck-board 

incubators shaded to the approximate in situ light intensity at 15 m depth. After 24 

hours, membrane inlet mass spectrometry (MIMS) samples were taken from each of 

the triplicate bottles to measure the dissolved 15N2-gas enrichment available (2.8 At% 

± 0.4). MIMS samples were siphoned into glass vials (15 ml) after 3x volume 

overflow. The vials were stoppered and crimped with aluminum caps and kept at 4oC 

until measured with a MIMS. Samples for geneFISH were collected by fixing 95 ml 

of each N2 fixation incubation in 1.8% formaldehyde (final) for up to 72 hours at 4oC, 

filtering onto 0.6 µm pore size polycarbonate filters (Millipore Sigma) and flash 

freezing in liquid N before storage at -80oC until processing. Gamma A was 



111 

 

visualized in the N2 fixation incubation samples using the geneFISH procedure as 

described above. Cells were transferred by freezing an inverted filter piece on top of a 

silicon (Si) chip with alphanumeric labeled grids (Ted Pella, Redding, CA, USA) for 

3 minutes at -80oC before removing the filter piece. Visual maps of positive cells on 

the Si chip were created using a Zeiss Axioplan epifluorescence microscope. The Si 

chip was gold coated and analyzed with a nanoscale secondary ion mass spectrometer 

(nanoSIMS, Cameca50, Lawrence Livermore National Laboratory) and a Cs+ ion 

beam. Areas of interest (30 µm raster) were sputtered to a depth of 60 nm before data 

collection of 12C2
-, 13C12C-, 14N12C-, 15C12C-, and secondary electrons for 80 cycles. 

Cells identified as Gamma A by microscopy were analyzed for N2 fixation as evident 

by enrichment of 15N (15N12C/(15N12C+14N12C)) (Pett-Ridge and Weber, 2012) 

compared to surrounding non-Gamma A cells analyzed within the same image frame. 

Cells outlined as regions of interest (ROI) were defined automatically based on 

14N12C- patterns. NanoSIMS data analysis and ROI outlining were done using 

L’image (developed by L. Nittler, Carnegie Institution of Washington, Washington, 

DC, USA)). The LOD for 15N enrichment (N2 fixation activity) of Gamma A cells 

was defined as 15N enrichment values distinctly above all other non-Gamma A cells 

provided the ROI had acceptable instrumentation error (<30%) and sufficient 15N 

counts (>50). 

Results  

 Since it is challenging to validate hybridization approaches for uncultivated 

microorganisms in environmental samples, geneFISH was first used to target the 
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well-studied N2-fixing cyanobacterium UCYN-A before targeting Gamma A. UCYN-

A is an uncultivated symbiont of a haptophyte host, Braarudosphaera bigelowii. We 

used a UCYN-A nifH gene probe to visualize the UCYN-A2 symbiosis (~7µm 

diameter, host and symbiont together) in samples from the Bering Strait and 

California Coastal Current (Figure 1) that had abundances of ~105 UCYN-A2 nifH 

gene copies l-1 as determined by qPCR. Following successful hybridization to the 

geneFISH probe, the presumed cyanobacterial cell (~2.5 um) in the symbiosis had 

multiple distinct hybridization signals (Figure 1b-d). There were 0-9 signals with an 

average of 3.7 (±1.7) in the Bering Strait and 4.9 (±1.7) signals per symbioses in the 

California Coastal Current (Figure 1). The average number of geneFISH signals from 

each location was not statistically different. It was not visually evident whether the 

multiple signals were due to multiple cells, multiple gene copies or chromosomes, or 

a technical artifact. GeneFISH probes are double-stranded DNA synthesized by PCR 

and could potentially bind to nifH mRNA, although previous studies found no 

evidence of mRNA bound to probes (Moraru 2010). To confirm that the signal 

originated from DNA in our samples, controls were treated with RNase to digest 

mRNA prior to the geneFISH probe hybridization. RNAse digested samples had, on 

average, the same number of positive gene signals within UCYN-A as the non-

RNAse digested samples (3.7 ± 1.7) in the Bering Strait.  This implies that 

hybridization to mRNA was not the cause of multiple signals and that multiple copies 

of the nifH gene must be present. A comparison of UCYN-A2 abundances 

determined by qPCR and CARD-FISH indicates there is approximately 5 times 
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higher number of the nifH gene (qPCR) than occurrences of the symbioses as a whole 

(CARD-FISH) (Supplemental Figure 1). Loss of DNA during DNA extraction likely 

results in a lower number of UCYN-A nifH gene copies L-1, so the discrepancy 

between qPCR and CARD-FISH abundances is most likely higher than the 5 times 

observed here. The multiple gene signals may be due to multiple cyanobacterial cells 

or a single cell with multiple genome copies (polyploidy) (Sargent et al., 2016). 

Regardless, the results of the UCYN-A geneFISH show that geneFISH can be 

successfully used to visualize specific uncultivated diazotrophs.  

 To visualize the uncultivated Gamma A cells in environmental samples, we 

applied a Gamma A geneFISH approach. To do this, we designed a Gamma A 

geneFISH probe to target Gamma A, which is a group defined by closely related nifH 

sequences (>97% ID similarity). However, polynucleotide geneFISH probes cannot 

be as specific as the more common oligonucleotide probes (Matturro and Rossetti, 

2015). Therefore, the Gamma A geneFISH probe would likely bind to other γ-

proteobacterial NCDs outside the Gamma A microdiversity.  Reference Gamma A 

sequences from previous studies are summarized in Table 1 and have at least 98% 

similarity to the designed probe. The most dissimilar Gamma A sequence to the probe 

was 97.5% identical. A collection of other Gammaproteobacterial nifH gene 

sequences had a maximum sequence identity to the Gamma A geneFISH probe of 74-

97.5% over the probe length.  

 The Gamma A nifH gene probe was tested for functionality and specificity 

using E. coli clones. The large majority (97.2 ± 2.5%) of E. coli clones containing 
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Gamma A nifH plasmids had at least one positive signal (Figure 2A). However, the 

presence of multiple nifH plasmid copies per E.coli cell likely resulted in a higher 

hybridization efficiency (percentage of cells showing a gene signal) than cells 

containing a single chromosomal copy of the nifH gene. To check the Gamma A 

probe specificity, an E. coli clone containing UCYN-A1 nifH plasmids (78% 

sequence identity to the Gamma A probe) was hybridized with the Gamma A probe 

(Figure 2b). There were on average 4.8% (± 2.1%) positive signals observed in the 

UCYN-A nifH clones. Negative controls included E. coli clones with a Gamma A 

nifH plasmid digested with DNAse and E. coli cells without a nifH plasmid. Both 

controls were negative and allowed us to calculate the false-positive rates of 4.7% (± 

1.8%) and 6.3 (± 3.0%), respectively. Since the UCYN-A nifH clone had a positive 

signal rate within the range of false-positive found in negative controls, UCYN-A 

nifH clones were considered a successful negative control. They showed the Gamma 

A probe specificity is greater than 78% identical sequences. Low background signal 

noise was observed (Figure 2B) but did not interfere with the true signal as the 

background signal did not overlap with the secondary hybridization of the general 

bacterial CARD-FISH probe (EUBI-III) and should not be confused with a positive 

signal. The Gamma A probe was determined to be functional, and further 

optimization of the protocol was performed on environmental samples with natural 

populations of Gamma A. 

 Gamma A geneFISH was employed to visualize Gamma A cells in seawater 

samples to gain insight into the lifestyle of these cells. Samples used for Gamma A 
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visualization originated from the western NPSG. Environmental samples that did not 

contain Gamma A (determined by qPCR and nifH gene sequencing) were used as 

negative controls and did not have any observable false positive signals. Positive 

Gamma A hybridizations were observed in rod-shaped cells 1.5 (± 0.22) µm in length 

and 0.6 (± 0.12) µm in width (Figures 3 and 4). Gamma A was observed as single 

free-living cells, pairs of free-living cells attached tip to tip, and cells attached to 

particles. The majority of Gamma A cells observed were associated with particles 

(61% of observed cells, n=23). Cells were attached to particles of a range of 

diameters (4 µm to 50 µm in diameter). Gamma A was found on loosely aggregated 

particles (Figure D), dense particles (Figure 3A, B), and in one observation on a 

larger eukaryotic cell (Figure 3C). Gamma A cells attached to particles were usually 

individual cells. However, in 2 particles, there were multiple Gamma A cells, and in 

another, there were pairs of connected Gamma A cells. The majority of unattached 

cells (not associated with particles) were found in pairs (90% of non-particle attached 

cells) attached end to end (Figure 4). A few solitary, detached Gamma A cells were 

also observed.     

 To determine if Gamma A cells were fixing N2, individual cells were also 

analyzed by nanoSIMS after incubation with 15N2. Eight cells from NPSG samples 

were identified as Gamma A, hybridizing with the general Gammaproteobacterial 

CARD-FISH and Gamma A nifH probes. N2 fixation would be demonstrated by 15N 

isotope enrichment compared to the natural isotopic abundance present in non-

diazotrophic cells. The Gamma A cells were not enriched in 15N above non-Gamma 
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A cells within the same analysis image. Although the 15N enrichment was not 

statistically significant as defined by the threshold, the Gamma A cells were in the 

highest 2% of  15N enrichment of all qualified ROIs in 4 out of the 8 analyzed images.  

This suggests the possibility that Gamma A cells were fixing N2 at low rates but 

below the detection limits of our method; however, our data remain inconclusive. 

Discussion 

geneFISH method development 

 Hybridization tests of the nifH geneFISH method indicated that it was 

successful. Hybridization to the well-characterized uncultivated symbiotic UCYN-A 

cyanobacteria showed that hybridization to a gene in single cells of known identity 

could be detected (Figure 1). Hybridization to cloned genetically diverse Gamma A 

nifH sequences showed that probes could effectively be designed to hybridize with 

uncultivated species (Figure 2). Applications of probes to seawater samples 

containing Gamma A showed that Gamma A cells could be identified in situ (Figure 

3 and 4).  

 We tested if N2-fixing organisms could be identified microscopically in 

environmental samples by first designing geneFISH probes for the UCYN-A nifH 

gene. UCYN-A has previously been visualized with CARD-FISH (Figure 1a), 

making it a suitable target for geneFISH validation since the morphology is known 

and identity can be confirmed (Cabello 2015, Cornejo-Castillo 2016). Less than 

100% of the UCYN-A2 cells observed by host targeted CARD-FISH had positive 

geneFISH signals (80 to 86%), confirming that geneFISH cannot be used 
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quantitatively (Moraru 2010). Nevertheless, geneFISH was successfully used to 

visualize the UCYN-A nifH gene in environmental samples.  

 Gamma A geneFISH probe design included optimizing the length of the 

probe. The successful geneFISH probe for Gamma A was 321 base pairs (bp) in 

length which produced a bright signal over most of the cells after amplification. 

Initially, shorter probes (102 bp and 113 bp) that sequentially covered the length of 

the nifH gene were tested, as their smaller size would enter the cell more easily, and 

shorter probes can have proportionally higher probe specificity to the target region 

(Gallego 2020, Moraru 2010).  However, the shorter probes did not result in a 

sufficient signal. Longer polynucleotide probes contain more (Dig)-labelled-dUTP 

allowing more anti-Dig conjugated HRPs to bind to the probe, producing a higher rate 

of tyramide deposition during amplification and consequently a brighter and larger 

signal (Matturro 2015). Previous studies also found better success with longer probe 

lengths (Gallego, 2020). The longer Gamma A probes provided a balance of probe 

specificity and signal intensity. 

 The chosen Gamma A probe successfully targeted the spectrum of Gamma A 

nifH sequence diversity as shown by hybridization to nifH cloned into E. coli 

plasmids. Additionally, the Gamma A probe did not hybridize with the UCYN-A nifH 

clones (negative controls) or UCYN-A symbioses in environmental samples (78% 

sequence identity to the probe). Determining the specificity threshold is challenging 

without sufficient diverse representative cloned sequences. Previous studies found 

that similar length polynucleotide probes had specificity values that ranged from 82 – 
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89% (Kawakami 2012, Moraru 2011). Although it was not possible to test the 

Gamma A probe specificity threshold, the Gamma A geneFISH probe would likely 

hybridize with similar non-Gamma A Gammaproteobacterial nifH sequences, 

possibly with lower efficiency (Kawakami, 2012). To avoid visualization of other 

Gammaproteobacteria, we chose an environmental sample where Gamma A was the 

dominant Gammaproteobacterial nifH sequence based on relative abundance by at 

least a factor of 60 compared to the next most abundant Gammaproteobacterial 

sequence (see chapter 3, Fig. S2, station 10). As Gamma A abundances were 103 nifH 

copies L–1 at that location, an organism with 60 times lower relative abundance has a 

very low probability of even being present on the filter section or detected by 

geneFISH. Based on the abundance differences, the stringency of the protocol (50% 

FA, rapid temperature changes), and conserved cellular morphologies observed, we 

are confident the rod-shaped cells identified were Gamma A. Future Gamma A 

specific studies in areas with high abundances of other similar Gammaproteobacterial 

diazotrophs should check probe specificity for the nifH sequences in the study area.  

 Multiple negative controls were used in the Gamma A geneFISH protocol to 

confirm that the hybridization signals observed were true positive signals. GeneFISH 

generally has a higher rate of false positives than CARD-FISH or similar methods 

due to the small dot-like signal and high background (Bernhard et al., 2012; Moraru 

et al., 2010). The false-positive rate observed in our negative E. coli controls (4.7 to 

6.3%, Figure 2B) is within the range of false-positive rates for the method in different 

systems (4-7%) (Bernhard et al., 2012; Moraru et al., 2010). We found no evidence of 
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false positives in negative environmental controls that would confuse a true positive 

signal, i.e., the cell having both rRNA and geneFISH signal. Although nonspecific 

binding is higher in geneFISH compared to CARD-FISH, the use of dual 

hybridizations greatly reduces the probability of nonspecific binding being mistaken 

for a positive signal. For multiple reasons, including creating a larger separation 

between noise and signal, the amplification protocol was increased in environmental 

samples to obtain a brighter signal, which is likely why we observed no evidence of 

false positives in the negative environmental controls. The geneFISH signal was 

considered positive when both rRNA and gene hybridizations were apparent, and the 

gene hybridization signal was distributed over the majority of the cellular membrane.     

 We did not attempt to calculate Gamma A volumetric abundances (cells L-1) 

with geneFISH as the hybridization is not quantitative. Moraru et al. (2010) 

previously reported a hybridization efficiency (percentage of cells showing a gene 

hybridization signal) of 46%, while Bernhard et al. (2012) calculated a hybridization 

efficiency up to 65%, while a similar approach known that increases the amplification 

of the signal known as geneCARD-FISH had a detection efficiency of up to 99% 

(Matturro 2015). GeneFISH on Gamma A nifH clones in this study had a 

hybridization efficiency of 98% (Figure 2A). However, this efficiency may not apply 

to environmental samples in which probes are hybridized to genomic DNA, and there 

is likely a single copy of the nifH gene per chromosome, which would decrease the 

hybridization efficiency. We made a rough comparison of Gamma A cells identified 

using geneFISH to Gamma A nifH gene abundances enumerated using qPCR.  Based 
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on qPCR, there should be 23-30 Gamma A cells per filter piece; by scanning the 

entire filter, we found an average of 11 Gamma A cells. If qPCR represents the true 

abundance of Gamma A cells, this will equate to a hybridization efficiency of 36-

48%. However, qPCR-based abundances are likely underestimated due to incomplete 

DNA extraction efficiency (Matturro and Rossetti, 2015; Sargent et al., 2016)), which 

would result in a lower geneFISH efficiency than estimated here. The qualitative 

comparison of Gamma A geneFISH abundances compared to qPCR abundances 

further validated the probe specificity as we do not find more positively identified 

geneFISH cells than expected. 

UCYN-A nifH geneFISH  

 Application of nifH geneFISH on the symbiotic cyanobacterium UCYN-A2 

revealed multiple copies of the nifH gene in the UCYN-A2 symbiosis. The geneFISH 

hybridization signal was observed in the cyanobacterial partner of the symbiosis, 

where there were several visually distinct dot-like signals within the cyanobacterium 

(Figure 1). Multiple signals could suggest multiple UCYN-A2 cells per B. bigelowii 

host cell, a single UCYN-A2 cell with multiple copies of the genome (polyploid), or 

that multiple nifH copies are present in a single UCYN-A2 genome. While the closed 

genome of the closely related UCYN-A1 only has a single copy of the nifH gene 

present (Tripp et al., 2010), the genome of UCYN-A2 is incomplete, and therefore the 

number of nifH gene copies per genome is unknown (Bombar et al., 2014). To 

observe the potential presence of multiple UCYN-A2 cells, samples were stained with 

a cell membrane stain, but interior membranes corresponding to multiple 
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cyanobacterial cells were not observed (data not shown). Although the cause of 

multiple hybridization signals could not be determined in this study, polyploidy is a 

possibility as the cyanobacterial diazotroph Trichodesmium is polyploid with more 

than 100 genome copies per cell (Sargent et al., 2016). Additionally, a strain of the 

non-diazotrophic cyanobacteria Synechococcus has an average of 4 genome copies 

per cell (Perez-Sepulveda et al., 2018). GeneFISH was successful in identifying 

UCYN-A and revealed new information on the biology of the symbiosis. 

 The UCYN-A2 cells observed with geneFISH had an overall average of 4.3 

nifH gene signals per symbiosis. Although geneFISH is not considered quantitative, a 

study that compared host abundance (18S rRNA gene) to the cyanobacterial 

abundance (nifH gene) via qPCR found a similar ratio average of 3.3:1 UCYN-A2 to 

B. bigelowii cells (Thompson et al., 2014). The presence of multiple copies of the 18S 

rRNA gene is unknown in B. bigelowii; however, if there is gene multiplicity in the 

host, it would result in more UCYN-A nifH gene copies per individual host cell. 

Similarly, a study that identified UCYN-A2 symbioses with CARD-FISH found 3 to 

10 UCYN-A2 cells per B. bigelowii host. The multiple cyanobacterial cells were 

observed as DAPI staining within the CARD-FISH labeled cyanobacteria (Cornejo-

Castillo et al., 2016). Similarly, our CARD-FISH-based UCYN-A2 symbiosis counts 

are ~5 times lower than the corresponding qPCR-based UCYN-A2 abundances 

(Supplementary Figure 1). Although comparing these two methods is problematic due 

to the high likelihood of incomplete DNA extraction, a higher extraction efficiency 

would increase the number of nifH genes (qPCR) per CARD-FISH identified 
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symbiosis, making our UCYN-A nifH copies to B. bigelowii cell ratio an 

underestimation. Our results and the results of previous studies could not distinguish 

between multiple cyanobacterial cells, a single polyploid cell, or the presence of 

multiple copies of the nifH gene in the genome. However, our results suggest that 

attempts to use nifH qPCR abundances as a proxy for UCYN-A2/B. bigelowii 

symbiosis abundances should be viewed with caution.   

Gamma A nifH geneFISH 

 The goal of the geneFISH identification of Gamma A was to gain insight into 

the lifestyle of this organism through visualization of cell morphology. Based on 

previous studies that investigated the presence of Gamma A nifH genes in size-

fractionated samples, it has been hypothesized that Gamma A may have a particle 

attached lifestyle (Benavides et al., 2016; Cornejo-Castillo and Zehr, 2021; Langlois 

et al., 2015; Moisander et al., 2014). Through geneFISH identification, we observed 

that the majority of Gamma A were associated with particles (61%, Figure 3) but 

were also found non-particle attached, primarily as pairs of cells (35%, Figure 4) and 

a few cases of individual cells (4%). While an individual Gamma A cell is now 

known from this study to be 1.5 um long and 0.7 um wide and would be expected to 

be found in the free-living fraction (< 3 µm), in the few studies that targeted this 

specific size fraction, Gamma A nifH genes were not detected (Benavides et al., 2016; 

Cornejo-Castillo and Zehr, 2021; Gradoville et al., 2020). qPCR data for the < 3 µm 

range and our geneFISH observations both suggest that occurrences of free-living 

individual cells are rare. Most of the non-particle attached Gamma A cells appeared 
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as pairs of cells attached pole to pole (≥ 3 µm in length) and would likely end up in 

the >3 µm size fraction. This observation is supported in size fractionation data, 

where maximal Gamma A abundances have been reported in the >3 µm size fraction 

(Benavides et al., 2016; Cornejo-Castillo and Zehr, 2021; Gradoville et al., 2020). 

However, studies with higher resolution size fractionation found the highest Gamma 

A abundances in even larger > 10 µm (Benavides et al., 2016) and 5 to 20 µm size 

fractions (Cornejo-Castillo and Zehr, 2021) which should be larger than even pairs of 

Gamma A cells. Additionally, Gamma A nfiH sequences were present in all size 

fractions from >3 µm up to 2000 µm based on metagenomic analysis (Cornejo-

Castillo and Zehr, 2021), which is in line with our geneFISH results showing that the 

majority of Gamma A cells were attached to particles. 

 GeneFISH identification of Gamma A allowed us to directly visualize cells 

attached to particles and compare our observations to previous findings. Recently 

another visual-based investigation of NCDs reported many NCDs attached to a single 

particle in estuarine samples through immunolabeling of the nitrogenase enzyme 

(Geisler et al., 2019, 2020). Although taxonomic identity and N2 fixation activity of 

NCDs were not determined, these findings suggest that particle attachment in surface 

water may be a common lifestyle for NCDs. In an alternative lifestyle, a NCD 

isolated from the surface waters of the Baltic Sea (Pseudomonas stutzeri BAL361) 

was found to produce extracellular organic polymers, which facilitates aggregation of 

cells and limits O2 diffusion (Bentzon-Tilia et al., 2015a; Paerl et al., 2018). A similar 

strategy had been hypothesized for Gamma A (Benavides et al., 2016), but it unlikely 
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that the particles Gamma A were attached were from organic polymers produced by 

Gamma A itself, as all but two particles had a single observable Gamma A cell. 

Additionally, although organic polymer production for aggregation is found in both 

terrestrial and marine NCDs (Bentzon-Tilia et al., 2015a; Paerl et al., 2018; Ueda and 

Saneoka, 2015), this would be energetically challenging in the oligotrophic ocean 

(Inomura et al., 2017). We found no evidence of a specific eukaryotic partner, 

although eukaryotic nuclei were visible in three particles. Surprisingly for a particle-

attached cell, maximum abundances of Gamma A were at 15 m depth (Langlois et al., 

2015; Moisander et al., 2014), which may indicate that not all Gamma A cells stay 

attached to sinking particles due to either cell motility or cell mortality. In the 

oligotrophic North Pacific, Gamma A sequences were among the top 10 sequences 

recovered from individual and bulk particles at 150 m depth (Farnelid et al., 2019), 

but were not found in sediment trap samples from 4000 m depth (Poff et al., 2021). 

Additionally, maximum abundance at 15 m depth may imply a light-dependent 

lifestyle such as photoheterotrophy, which could help fuel energetically expensive N2 

fixation (Inomura et al., 2017; Moisander et al., 2017), but visualization by geneFISH 

could not provide any evidence of this strategy. 

 Particles have been hypothesized to provide an ideal microenvironment for 

NCD in the C-poor, oxygenated ocean as they would provide abundant C and low O2 

(Bombar et al., 2016; Church et al., 2005b; Moisander et al., 2014; Ploug, 2001; 

Riemann et al., 2010). C is commonly a limiting nutrient for heterotrophic bacteria in 

the oligotrophic ocean (Kirchman et al., 2000), and N2 fixation is an energetically 
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costly process (Howard and Rees, 1996) requiring sufficient C to fuel N2 fixation. 

One reason cyanobacteria have long been considered the only relevant N2-fixing 

organisms in the surface ocean is their unlimited supply of C through photosynthesis 

(Karl et al., 2002). Particle attachment for an NCD would supply a reliable source of 

C (Bombar et al., 2016; Inomura et al., 2017; Klawonn et al., 2015a), and larger 

particles could also theoretically provide an interior microaerobic zone (particles >1 

mm), caused by high rates of microbial respiration (Klawonn et al., 2015a; Paerl and 

Prufert, 1987; Ploug, 2001). Low O2 zones would protect the O2-sensitive nitrogenase 

enzyme (Paerl and Prufert, 1987; Ploug, 2001). However, more studies are needed to 

determine the physiology and activity of Gamma A on particles, as cells were 

observed on particles smaller than 1 mm, and the presence of Gamma A does not 

reflect N2 fixation activity.  

Unfortunately, detection of N2 fixation by Gamma A was inconclusive in this 

study. Out of the 8 Gamma A cells measured using nanoSIMS, 4 had higher 15N 

enrichment values than the other non-Gamma A cells in the image, yet differences 

were not statistically significant. These results may be due to very low or no N2 

fixation or may be due to isotope dilution caused by the geneFISH protocol. Previous 

studies demonstrate that CARD-FISH protocols can dilute the heavy isotope 

enrichment of target cells (Meyer et al., 2021; Musat et al., 2014; Woebken et al., 

2012). A single CARD-FISH procedure can dilute the 15N enrichment of cells up to 

60% (Meyer et al., 2021). The geneFISH protocol likely creates a much higher 

dilution. In addition to a full CARD-FISH protocol, it includes geneFISH probe 
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hybridizations, HRP-conjugated anti-Dig binding, and increased amplification. There 

would also be further dilution caused by the increased cell permeabilization protocol 

needed to allow the large geneFISH probes to enter the cell. The 15N isotope is diluted 

with the addition of any non-labeled substrates (such as HRP-conjugated anti-Dig or 

tyramides) or the removal of enriched cellular material (cell permeabilization). For 

future studies wanting to identify cells by geneFISH for single-cell analysis with 

nanoSIMS, we recommend starting with high 15N enrichment in the N2 fixation 

incubations to compensate for 15N lost due to dilution through geneFISH. 

Conclusion 

 Direct visualization of cells is a powerful tool to gain insight into an 

organism’s lifestyle. Our results demonstrate geneFISH is a viable method to identify 

and study uncultured diazotrophs with unknown 16S rRNA genes in environmental 

samples. GeneFISH allowed for the first visual identification of Gamma A cells and 

revealed multiple copies of the nifH gene within UCYN-A2 cells. Visualization of 

Gamma A confirmed the hypothesis that Gamma A is associated with particles in the 

surface ocean. Although N2 fixation activity could not be confirmed for Gamma A, its 

particle attached lifestyle highlights the potential role that particles may play as loci 

for N2 fixation in the surface ocean. 
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Figures 

Table 1: Gamma A sequences in the green rows are within the range of probe 

similarity verified with positive hybridization to the probe, denoted in the 

Hybridization column as yes. Grey rows are unlikely to hybridize based on 

dissimilarity value tested in the form of UCYN-A (78% similarity) controls 

(Hybridization = no). The decreasing similarity of white rows represents a spectrum 

non-Gamma A cell with possible hybridizations (Hybridization = unknown) if the 

organisms co-occur in samples. 

 

OTU group Accession # 

% 

Similarity 

to probe 

Reference Hybridization  

Gamma A AY896371.1 99.7 
Langlois et al., 

2015 
yes 

Gamma A AF059623.1 99.1 Zehr et al., 1998 yes 

Gamma A AY706889.1 99.4 Church et al., 2005 yes 

Gamma A EU052413.1 98.1 
Moisander et al., 

2008 
yes 

Gamma B HQ611810.1 97.5 
Turk-Kubo et al., 

2011 
unknown 

Gamma C KF151762.1 91.9 
Turk-Kubo et al., 

2014 
unknown 

Gamma D HQ456037.1 87.5 Kong et al., 2011 unknown 

Gamma E AY896456.1 84.1 
Langlois et al., 

2005 
unknown 

Gamma 3 HM210397.1 83.3 Halm et al., 2012 unknown 

Gamma 

ETSP2 
KF151819.1 81.9 

Turk-Kubo et al., 

2014 
unknown 

Gamma 

ETSP1 
KF151567.1 78.8 

Turk-Kubo et al., 

2014 
no 

Gamma 

ETSP3 
KF151661.1 77.1 

Turk-Kubo et al., 

2014 
no 

Gamma 4 HM210363.1 76.8 Halm et al., 2012 no 

Gamma 1 HM210377.1 74.8 Halm et al., 2012 no 
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Figure 1: UCYN-A2 hybridized with CARD-FISH (A) and geneFISH (B-D). A) 

CARD-FISH image showing UCYN-A2 attached to haptophyte host B. Bigelowii, 

red is the UCYN-A rRNA probe, green is the rRNA probe for the host, and blue is 

DNA staining with DAPI. B-D) GeneFISH images of UCYN-A2 symbiosis, red 

represents positive UCYN-A nifH gene signal within the cyanobacterial portion of the 

symbiosis. Green is the CARD-FISH signal targeting the host cell. The orange/red 

coloring is the host chloroplast. The scale bar is 10 µm 
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Figure 2: Gamma A geneFISH hybridization with E. coli clone controls. A) Gamma 

A nifH clones B) UCYN-A nifH clones. The red color shows hybridization to the 

nifH geneFISH probe, while the green is hybridization to the 16S rRNA general 

bacterial probe (EUBI-III). A) There is a positive gene signal in nearly all (97%) of 

GammaA nifH clones. B) UCYN-A nifH clones (negative controls) showed minimal 

hybridization (4.8%). The red arrow indicates a false positive signal, while the grey 

arrows indicate nonspecific background signals that do not overlap with cells. The 

scale bar is 10 µm. 
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Figure 3: GeneFISH identified Gamma A cells attached to particles. Gamma A cells 

were found associated with particles in 61% of observations. Particles with an 

attached Gamma A had various densities and sizes. Red shows the nifH geneFISH 

hybridization signal, bright green shows 16S rRNA Gammaproteobacterial 

hybridization signal, while light green is unspecific fluorophore sticking to particle 

components. The scale bar is 10 µm. 
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Figure 4: Examples of pairs of non-particle attached Gamma A cells. Most free 

Gamma A cells were found as pairs of cells attached end to end (4A-C). Red shows 

hybridization to the nifH geneFISH probe, while green shows hybridization to the 

16S rRNA Gammaproteobacterial probe (Gam42a). The orange color is due to the 

overlap of red and green signals. The scale bar is 10 µm. 
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Chapter 5: Conclusions and future directions 

 BNF fixation is an important source of N input in the oligotrophic waters, 

fueling primary productivity and enabling C sequestration to the deep sea. A better 

understanding of the organisms involved in BNF and their distribution and lifestyle 

are fundamental components for estimating primary productivity and parameterizing 

predictive future global ocean models. This dissertation summarizes investigations of 

uncultured unicellular diazotrophs at the single-cell level, thus improving our 

understanding of their roles and potential as sources of fixed N globally. The results 

in this dissertation expand the known temperature bounds of which UCYN-A is 

capable of fixing N2, present the first direct confirmation that NCD can fix N2 in the 

fully oxygenated surface ocean, and reveal the morphology and particle-attached 

lifestyle of the well-studied NCD, Gamma A. These results add to the growing body 

of research that is changing the idea that marine N2 fixation is limited to 

cyanobacteria in the warm oligotrophic ocean.  

 The results of chapter 2 show that the commonly occurring subtropical 

cyanobacterial diazotroph, UCYN-A are present in the Bering, Chukchi, and Beaufort 

Seas and are capable of N2 fixation in these low temperatures environments. 

Quantification and sequencing of the nifH gene show that two sublineages, UCYN-

A1 and UCYN-A2, are present in polar waters. The polar UCYN-A1 and UCYN-A2 

sequence types are the same sequence types that are found in temperate waters. These 

results are evidence that UCYN-A has a much broader temperature range than most 

other marine cyanobacterial diazotrophs. This study also employed nanoSIMS 
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allowing direct measurements of cell-specific N2 fixation rates in UCYN-A, which 

showed both sublineages fix N2 at temperatures down to 10oC and UCYN-A2 down 

to 4oC. Identification of N2-fixing UCYN-A in the Arctic provides insight into the 

unique physiology of UCYN-A and sheds light on an unexpected N source in the 

nutrient-depleted Arctic.  

 N2 fixation in cold marine waters is a relatively new idea, and the extent and 

constraints are not well defined. Future studies that focus on the seasonality of N2 

fixation and factors that control diazotroph distribution would be valuable in 

understanding BNF in polar regions. Additionally, investigations into whether 

UCYN-A is transported in the Arctic or is present year-round could provide insights 

into the physiology of the cyanobacteria and haptophyte host. UCYN-A is a 

widespread and significant contributor to marine BNF; therefore, determining the 

physiology and controlling factors of UCYN-A would provide valuable information 

in estimating and constraining global BNF.   

 The data presented in chapter 3 demonstrate the first direct evidence of N2 

fixation by non-cyanobacterial diazotrophs in the open ocean. Dual-labeled isotope 

incubations allowed nanoSIMS analysis to distinguish between cyanobacterial 

diazotrophs enriched in 15N and 13C and non-cyanobacterial diazotrophs only 

enriched in 15N. The lack of 13C enrichment shows the cells are capable of 

heterotrophically (or photoheterotrophically) fueled N2 fixation in the oxygenated 

surface ocean. Using an un-targeted nanoSIMS approach allowed detection of all 

possible NCD regardless of phylogenetic affiliation, all of which were found attached 
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to particles. The results of this study show that particle-attached NCDs are capable of 

fixing N in the surface ocean, contributing to the BNF in that area. 

 Chapter 3 results show the importance of particles as loci for N2 fixation, yet 

the microscale conditions on the particle that facilitate NCD N2 fixation is unknown. 

As many studies speculate O2 acts as a controlling factor in NCD BNF, future studies 

that address O2 concentrations within particles would be particularly informative. 

Additionally, phylogenetic identification of the NCD responsible for particle attached 

BNF would provide a means to study their distribution and BNF potential over larger 

areas without relying on the time and cost-intensive nanoSIMS method. 

 The work in chapter 4 shows geneFISH is a viable method to study uncultured 

marine diazotrophs when only the nifH gene is known. The goal of geneFISH was to 

identify Gamma A, which was done successfully in samples from the Western North 

Pacific Subtropical Gyre. Gamma A was found to be a rod-shaped cell primarily 

attached to particles. Direct visualization of Gamma A allowed us to address several 

hypotheses about its lifestyle and confirm that the majority of Gamma A cells 

observed were attached to particles of various sizes and densities. Although cell-

specific N2 fixation rates were inconclusive, the presence of Gamma A on particles 

highlights the importance of particles in NCD N2 fixation in the surface ocean. 

 The design, optimization, and successful visualization of geneFISH on 

Gamma A will allow future studies to study Gamma A specifically. For example, 

geneFISH identification of Gamma A for cell-specific N2 fixation rates would be 

valuable in determining their contribution to BNF. However, future studies should 
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use high enrichment of 15N in initial incubations to account for isotope dilution 

through the geneFISH protocol. Additionally, geneFISH identified cells could 

possibly be detached from particles and sorted for sequencing of the 16S rRNA gene. 

The 16S rRNA gene would allow for better phylogenetic identification and the 

potential to design CARD-FISH probes for a simplified visualization protocol and 

more reliable cell-specific N2 fixation rate measurements. 
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Appendix 1 

Supplementary Information for Chapter 2: Symbiotic Unicellular Cyanobacteria 

Fix Nitrogen in the Arctic Ocean 

Supplementary Methods 

Sample collection for DNA extractions  

 Samples were taken in the Bering, Chukchi, and Beaufort Seas in September 

2016 (Fig. S1). Water samples were collected from Niskin bottles attached to a CTD 

into clean polycarbonate bottles (washed 3x 10% HCl and 3x milliQ water) after 3x 

seawater sample rinses. Samples (2-4L) were filtered by a peristaltic pump onto 

sequential 3 and 0.2 µm polyphenylene ether (PPE) filters (0.2 µm 25mm Supor-200, 

Pall Life Sciences, Port Washington, NY, USA) in Swinnex filter holders. Filters 

were transferred into sterile bead beater polypropylene microcentrifuge tubes 

containing 0.5 and 1 mm glass beads (BioSpec) and immediately frozen in liquid 

nitrogen. Surface and the depth corresponding to chlorophyll maximum (DCM) were 

sampled at most stations, and a near bottom depth was taken if the station depth was 

more than ~20m deeper than the chlorophyll maximum. Only surface samples were 

collected at Station 1 (off the coast of Nome, AK). Replicate samples were collected 

for DNA at each depth and station. Samples for molecular analysis were stored at -

80oC until processing.  

DNA extraction and nifH amplification 

 DNA was extracted using a modified DNeasy Plant Mini Kit (Qiagen, 

Germantown, MD) protocol, described in detail in (1) that includes steps for 

disruption of cell walls and automation of wash steps. The nifH gene, a functional 

marker for nitrogenase enzyme in diazotrophs, was PCR-amplified in duplicate with 
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one positive and at least two negative (water) PCR controls, using a degenerate 

universal nifH primers nifH1/nifH2 (Yanni/450) and nifH3/nifH4 (up/down) in a 

nested reaction (2). Briefly, the first round of nifH amplification consisted of 1x 

buffer, 4 mM MgCl2, 200 µM dNTP mix (Invitrogen, Carlsbad, CA), 0.5 µM 

nifH1/nifH2 primers (Sigma-Aldrich Oligos, St. Louis, MO), 1 µl Platinum Taq 

polymerase (Invitrogen), 1 µl DNA template and Ambion RT-PCR grade water 

(Invitrogen) for a total reaction volume of 15 µl. Thermocycler conditions were as 

follows: initial denaturation at 95oC for 3 min., followed by 25 cycles of 95oC for 30 s 

55oC for 30 s 72oC for 45 s and final elongation at 72oC for 7 min. The second round 

of nifH amplification used the nifH3/nifH4 primers, each modified with common 

sequence (CS) linkers (3) using the same reaction conditions but with a final volume 

of 25 µl, and an additional 5x amplification cycles. Amplified products were checked 

with agarose gel electrophoresis, and replicates from samples with positive 

amplifications were pooled at equal volumes. Library preparation was carried out by 

the DNA Sequencing Core Facility at the University of Illinois at Chicago 

(http://rrc.uic.edu/cores/genome-research/sequencing-core/) and included an 

additional ten rounds of amplification to add multiplexing oligonucleotides and 

sequencing adaptors according to protocols detailed in (4). Amplicons were 

sequenced using Illumina MiSeq, to a sequencing depth of 40,000 sequences per 

sample.  

nifH amplicon sequence analysis and UCYN-A oligotyping  

 Raw paired-end nifH amplicon reads (2 x 250 bp) were merged using Paired-

End read (PEAR) merging software (5) with a Phred score of 20, a minimum length 
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allowance of 300 bp, the maximum length of 400 bp. Merged files were imported into 

QIIME (6), where chimeric sequences were removed using a denovo approach using 

UCHIME (7), and the remaining sequences were clustered into OTUs with 97% 

similarity using usearch6.1 (8). OTUs with less than ten sequences were removed. 

Representative sequences were imported into a curated nifH database (9) in Arb (10), 

where they were translated, non-nifH and sequences with stop codons were removed, 

then remaining sequences were aligned using Pfam-curated multiple alignments of 

the NifH/frxC family (Fer4_NifH) in HMMer (11). The nearest closest cultivated 

relative (based on nucleotide sequences) and nifH cluster were determined using 

blastx against a curated list of genome-derived nifH sequences. 

 UCYN-A OTUs were identified in the blastx analysis described above, and 

unique UCYN-A sequences were recovered after clustering all UCYN-A sequences at 

100% nucleotide similarity using usearch6.1 (8). UCYN-A sequences were aligned 

against a reference UCYN-A database using pynast (12) and trimmed in galaxy to a 

length consistent with a global database of UCYN-A sequences (13). UCYN-A 

oligotypes – highly refined taxonomic units defined using nucleotide positions with 

high “entropy”– were defined using the alignment positions identified by Turk-Kubo 

et al. (13) and the oligotyping pipeline developed by Eren et al. (14). The following 

arguments were used in the oligotyping analysis: (i) a given oligotype was allowed to 

be present in only one sample (-s 1); (ii) a given oligotype was required to be present 

at a relative abundance of at least 0.1% in one sample (-a 0.1); and (iii) the most 
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abundant unique sequence defining an oligotype was required to have a sequence 

count > 100 across the whole data set (-M 100).  

Estimating UCYN-A abundances using qPCR  

 UCYN-A1 and UCYN-A2 abundances were estimated using TaqMan® 

quantitative PCR (qPCR) chemistry and primers and probes specific for UCYN-A1 

(15) and UCYN-A2 (16) and their respective haptophyte partners, UCYN-A1 host 

(UCYN-A1-host forward - 5’ - AGGTTTGCCGGTCTGCCGAT- 3'; UCYN-A1-host 

reverse - 5’ - ATCCGTCTCCGACACCCGCTC - 3'; UCYN-A1-host probe - 5’ - 

[6FAM]CTGGTAGAACTGTCCTTCC[TAMRA] - 3') and UCYN-A2 host (16), in 

samples positive for nifH amplification. All aspects of qPCR reaction conditions, 

thermocycling parameters, inhibition tests, and standard generation and calculations 

to determine abundances are described in detail in (17), with the exception of a 64oC 

annealing temperature for the UCYN-A2 assay. The limit of detection (LOD) and 

limit of quantification (LOQ) were 0.5 nifH gene copies/µL DNA extraction and 4 

nifH gene copies/µL DNA extraction, respectively. DNQs (detected, not quantified) 

were abundances that fell in between this range. When samples were below the LOQ 

(DNQs) but were above the LOD, they were given the minimum LOQ value, and 

values at the LOD were given the minimum LOD value for visualization purposes. 

Abundances were quantified separately for the 3.0 and 0.3 µm size fractions, and then 

averages were added to estimate total UCYN-A abundance in the sample. 

CARD-FISH sample preparation and hybridizations 

 After 24-hour 15N2 incubations, 100 ml of labeled sample was fixed with a 

final concentration of 1.8% formaldehyde (v/v) up to 48 hours at 4oC to preserve cells 



147 

 

for CARD-FISH and subsequent nanoSIMS. Fixed samples were gently filtered onto 

25mm, 0.6 µm pore polycarbonate filters (Millipore Isopore, EMD Millipore, 

Billerica, MA, USA) with 25mm, 0.8 µm pore polycarbonate cellulose acetate 

support filter (Sterlitech Corp. Kent, WA, USA) using low vacuum (<100 mm Hg). 

Filters were stored in 2 ml cryovials (Nalgene, Millipore, Sigma, Burlington, MA), 

flash-frozen in liquid nitrogen, and kept at -80oC until analysis. To visualize both 

strains and their respective hosts (UCYN-A1/UCYN-A1 host and UCYN-A2/UCYN-

A2 host), a double CARD-FISH protocol was used according to the protocols detailed 

in (18, 19). The full suite of HRP probes, competitor oligonucleotides, and helper 

probes are given in Table S1.  

Measuring cell-specific N2 fixation rates using nanoSIMS  

 Pieces of CARD-FISH were washed to remove mounting media according to 

(20). Briefly, filters containing targets hybridized using CARD-FISH as described 

above were transferred to silicon gridded wafers (Pelcotec Silicon SFG12, Ted Pella 

Inc., Redding, CA) by dampening filter pieces with 10 µl water, placing them face 

down on silicon wafer and freezing at -80oC for 5 min, then gently removing the filter 

while still frozen. In order to locate targets for nanoSIMS analysis, gridded wafers 

were mapped using bright field and epifluorescence on an AxioVersion 

Epifluorescence Microscope. NanoSIMS analyses were performed at Stanford Nano 

Shared Facilities (SNSF; https://snsf.stanford.edu) on a Cameca NanoSIMS 50L at 

Stanford University, CA, USA. Once a target cell was located, the cell was exposed 

to 2-3 min of large diameter, Cs+ beam to saturate cell ions with Cs+ before analysis. 

Cells were rastered with a 16 keV Cs+ beam and a current between 2 and 4 pA over a 
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10 - 15 µm2 area with an image size of 256 x 256 pixels and a dwell time of ~1 ms 

per pixel. Negatively charged secondary ions of carbon (12C–, 13C–), nitrogen (as 

12C14N–, 12C15N–), and a secondary electron microscope image (1AU) were collected 

simultaneously for 30-45 frames for each individual cell. Data were imaged and 

analyzed using the look@nanoSIMS image analysis software (21).  

 Cell-Specific nitrogen fixation rates were determined by calculating the 

carbon content per cell based on a spherical cell volume (V) from the measured cell 

diameter determined by the ROI. Carbon content [c] was estimated using two 

equations for the different types of cells, UcynA_log[c]= -0.363+(0.863 x log(V)), 

haptophyte_log[c]= -0.422+(0.758 x log(V)), following the example of (27). The C:N 

ratio of 6.3 was measured in UCYN-A from the tropical North Atlantic (28) and was 

used in our calculation to estimate the N content of the cell. NanoSIMS 

measurements of 15N:14N correspond to the atom% enrichment within the cell. To 

determine true ion counts versus ratio noise, the measured image was split into 100 

equally sized squares and the ion counts per pixel evaluated. Squares within the ROI 

had significantly higher counts per pixel compared to those outside the ROI. Imaged 

cell only includes ratio values inside the ROI as any ratio values occurring outside the 

cell were determined to be Poisson error due to low counts. After subtracting the 

natural abundance of 15N occurring at each station and factoring in the atom percent 

15N2 labeling in the enrichment (MIMS data), cell-specific nitrogen fixation rates 

were calculated (fmol N cell-1 day-1). The limit of detection was determined to be 

three times the standard deviation of unenriched samples (0.02 At%), similar to LOD 
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determination in Jayakumar et al. (22). In other words, if the atom percent excess 

(At% of a cell minus the naturally occurring 15N from bulk particulate nitrogen) was 

greater than three times the standard deviation of an average of unenriched samples 

(n=32), then samples were considered enriched above detection, and cell-specific 

rates were calculated. Due to limited Arctic samples, unenriched UCYN-

A/haptophyte symbioses samples from subtropical latitudes were used to determine 

the limit of detection and were measured on the same nanoSIMS instrument. Cell-

specific rates are based on the two volumetric spheres of the haptophyte and 

cyanobacteria together. Using qPCR abundance data, the cell-specific N2-fixation 

rates were extrapolated to estimate the total volumetric N2-fixation by UCYN-A 

(nmol N L-1 day-1) at a given station. 

Supplementary Text 

Chukchi and Beaufort Sea UCYN-A oligotypes  

 Oligotyping enables fine resolution of closely related phylotypes based on 

nucleic acid positions with high entropy (14). This approach has been applied to 

UCYN-A diversity in several recent studies (13, 23), and there are now over 100 

UCYN-A oligotypes defined across multiple studies. A total of 84,156 UCYN-A 

partial nifH sequences were recovered from 29 Arctic samples, and the analysis 

identified only two oligotypes, which represented 96.71% of the sequences submitted 

for analysis, with a perfect purity score of 1.00. The UCYN-A oligotypes found in the 

Arctic were oligo3 (ATTCTATTTTCTT), which is the dominant oligotype from the 

UCYN-A2 strain, and oligo1 (ATCTCGCTTCTTT), which is the dominant oligotype 

from the UCYN-A1 strain (Fig. 1, Fig. S2; Turk-Kubo et al, 2016). Oligo1 is widely 
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distributed throughout the subtropical oceans, while oligo3 is found at high relative 

abundances in high latitude samples from the Danish Strait but does not appear to be 

a dominant strain in the subtropical oceans (13). In high latitude waters, oligo1 was 

found at high relative abundances in the Bering Sea (Off Nome, Station 1) and, 

interestingly, in the proximity of ice algae (Station 14). It was detected, however, in 

10 of the 29 samples. In general, oligo3 (UCYN-A2) was more widely distributed, 

being detected in 23 of the 29 samples.   

UCYN-A abundances and distributions 

 The UCYN-A1 symbiont was quantifiable at a single station (Station 1; Fig. 

S3, Table S2) in surface waters with an abundance of 1.6x106 nifH copies L-1, and 

although it was detected in samples in the Chukchi and Beaufort Seas, it was not 

above the limit of quantification. The UCYN-A2 symbiont was detected at 10 surface 

stations with an average of 2.4x103 nifH copies L-1 (n=41) (Fig. S3, Table S2), and 

was below quantification in the DCM and deep samples. Interestingly, UCYN-A was 

detected throughout the water column as a combination of UCYN-A1 and UCYN-A2 

at a single station (Station 14) which was in proximity to ice-containing, ice algae. 

Higher abundances of UCYN-A1 were found in the 0.2 µm size fraction (average of 

3.9x104 nifH copies L-1, n=21), although it was also detected in the 3 µm size fraction 

(average of 2.0x104 nifH copies L-1, n=21). The majority of UCYN-A2 occurred in 

the larger size fraction (> 3 µm) (average of 4.2x103 nifH copies L-1, n=21), although 

it could also be quantified in the 0.2 µm size fraction (average of 5.1x102 nifH copies 

L-1, n=21). In general, the distributions and abundances of UCYN-A1 and UCYN-A2 

are consistent with recent findings of Shiozaki et al., which reported similar 
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abundances of both UCYN-A1 and UCYN-A2 in the Bering Sea in August 2014 (24), 

and the predominance of low abundances of UCYN-A2 throughout the Chukchi and 

Beaufort Seas in September-October 2015 (25).   

  The haptophytes associated with both UCYN-A strains were also quantified 

using qPCR. The UCYN-A1 host was not detected at any station or depth, but there is 

some evidence that the qPCR assay used in this study may not target a well-conserved 

region of the 18S rRNA gene (26). Further research is required to verify the 18S 

rRNA gene sequence of the UCYN-A1 host, but we can be confident that it is 

associated with a haptophyte that is very closely related to the host identified based 

on the results from CARD-FISH analyses. The UCYN-A2 host was detected in 5 

surface samples with an average of 1.1x104 nifH copies L-1 (n=21). Consistent with 

reports from the western tropical South Pacific (26), the ratio of symbionts:host based 

on nifH:18S rRNA gene counts were greater than 1; the symbionts were detected in 

more stations than their respective hosts.   

UCYN-A found primarily in late-season meltwater  

 Temperatures ranged from -1.6o C to 10.2oC, salinity ranged from 26.5 to 33.5 

for the whole water column, and nitrate was below detection in all surface samples 

but one. Ice floes were present at many of the sampling locations, mostly on the 

Chukchi Shelf, which created a low-density freshwater layer on the surface of the 

water (<1 m). The depth of the chlorophyll maximum ranged from 17 to 38 m with an 

average of 28.4 m, but at certain stations disappeared entirely due to full mixing of 

the water column. UCYN-A was found, either in nifH libraries or via qPCR (or both), 

in samples that span the entire range of temperature and salinity. However, UCYN-A 
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was primarily detected in surface water samples. No linear correlations were found 

between UCYN-A abundances and environmental factors presented. However, it is 

clear that UCYN-A was often found in late-season meltwater (27), based on 

temperature and salinity plots (Fig. S4). It must be noted, however, that this may be a 

result of sampling bias, given that the majority of surface samples occurred in this 

water mass. The highest abundances of UCYN-A were found in the only sample in 

the Alaskan Coastal Current, which has been proposed to be the current by which 

subtropical UCYN-A populations are advected from the North Pacific to the Bering 

and Chukchi Seas (25).  

Verification of active N2 fixation in UCYN-A using CARD-FISH/nanoSIMS  

 NanoSIMS analysis allows the direct measurement of 15N uptake by 

individual UCYN-A cells. This unique method of measuring N2 fixation rates enables 

making a direct link between the amount of 15N uptake and the identity of the cell 

responsible for that uptake. Sequencing or qPCR data can be used to find the most 

probable diazotroph(s) responsible for observed rates based on abundances or 

transcripts; however, the presence or transcription of nifH alone does not verify that a 

given cell is fixing N2.  

 We used nanometer scale secondary ion mass spectrometry (nanoSIMS) to 

measure 15N uptake into individual cells to quantify nitrogen fixation rates. Isotopic 

enrichment of 15N in the host or UCYN-A cells is attributed to N2 fixation by UCYN-

A, as the host lacks the ability to fix N2, but the transfer of UCYN-A derived fixed N 

to the host cell, and host-derived fixed C to the UCYN-A cell has been well 
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established (28-30). Eight individual UCYN-A1/haptophyte symbioses from the 

Bering Sea (station 1) were measured, and symbioses had an average cell-specific 

nitrogen fixation rate of 7.6 14.5 fmol N cell-1d-1. A total of six UCYN-

A2/haptophyte symbioses from the Bering Sea were analyzed with an average cell-

specific rate of 13.0  7.7 fmol N cell-1d-1.  A total of six UCYN-A2/haptophyte 

symbioses from the Chukchi Sea (station 2) were analyzed, two were above the limit 

of detection and resulted in an average cell-specific nitrogen fixation rate of 1.1  

1.95 fmol N cell-1d-1 (summarized in Table S3). 

 The UCYN-A1 cell-specific rates found here are similar to cell-specific rates 

found in the tropical north Atlantic of 0.45-12 fmol N cell−1 d−1 (29, 30). To our 

knowledge, these are the first reported cell-specific rates for the UCYN-

A2/haptophyte symbioses. Rates for UCYN-A/haptophyte symbioses that were larger 

than the UCYN-A1/haptophyte symbioses were reported (31), but these are likely to 

be a third strain, UCYN-A3, based on their size class (intermediate between UCYN-

A1 and UCYN-A2 symbioses) and the emerging biogeography of the UCYN-A2 

symbioses (13). 

  Based on UCYN-A abundances, cell-specific N2 rates were extrapolated to 

volumetric N2 fixation rates (Table S3). UCYN-A1 in the Bering Sea (station 1) could 

be responsible for fixing up to 9.3  17.6 nmol N l-1 d-1 in the surface water. UCYN-

A2 abundances at the same station in the Bering Sea (station 1) could result in 1.2 

0.7 nmol N L-1 d-1. The bulk nitrogen fixation rate in the surface waters of the 

Bering Sea was measured at 6.8  3.8 nmol N L-1 d-1. Extrapolated UCYN-A rates 
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from nanoSIMS data can account for up to 100% of particulate bulk nitrogen fixation 

rates in the Bering Sea. UCYN-A2 abundances in the Chukchi Sea result in 

volumetric N2-fixation rates of up to 0.004  0.007 nmol N L-1 d-1. Comparing these 

values to the bulk particulate N2 fixation at this station (0.2  0.2 nmol N L-1 d-1, 

DNQ), other N2-fixing organisms could be responsible for the average bulk N2-

fixation measured at this location. Interestingly, UCYN-A2 nifH sequences at this 

station (station 2) accounted for almost half (46%, Table S2) of the total nifH 

sequences recovered, and from sequence data alone, UCYN-A could have been 

presumed as (one of) the primary contributors to N2 fixation, showing the importance 

of cell-specific analysis.
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Supplemental Figures S1 - S4 

Figure S1. Station Map. Stations from the cruise in 2016 stations are organized from 

the Bering Sea to the Chukchi Sea and the Beaufort Sea, from nearshore to offshore. 
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Figure S2. UCYN-A nifH oligotype distributions. Stations are numbered according to 

the above station map. The dominant UCYN-A1 (oligo1) is shown in blue, and the 

dominant UCYN-A2 (oligo3) is shown in black. 
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Figure S3. UCYN-A qPCR data. UCYN-A strain abundances and distribution in 

surface samples by qPCR. UCYN-A1 (blue) and UCYN-A2 (black) are present in the 

Bering Sea, Chukchi Sea, on the Chukchi Shelf, and the Beaufort Sea.  Error bars 

represent the standard deviation of technical replicates. Bars below the dashed line 

are samples below the limit of quantification, given the minimum value for 

visualization purposes. 
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Figure S4. UCYN-A relationship to T/S. Water masses are defined as in (27). Water 

samples from all depths are categorized by temperature and salinity. The color 

gradient of points indicates total UCYN-A (UCYN-A1 + UCYN-A2) abundances 

determined by qPCR. 
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Supplemental Tables S1 – S3 

 

Table S1. Double CARD-FISH probes and oligonucleotide competitors and helpers 

were used to visualize morphologies and target for nanoSIMS analysis. The last 

column indicates the presence (Y) or absence (N) of Horseradish-peroxidases (HRP) 

conjugated to the CARD-FISH probes. 

Probe Target Sequence (5' to 3') Reference HR

P? 

UCYN–A1 

732 

Unicellular 

cyanobacteria UCYN-

A1 

GTTACGGTCCAGTAG

CAC 

(29) Y 

UCYN–A2 

732 

Unicellular 

cyanobacteria UCYN-

A2, used as 

competitor 

GTTGCGGTCCAGTAG

CAC 

(18) Y 

UPRYM-

69 

UCYN-A1 host CACATAGGAACATCC

TCC 

(18) Y 

UBRADO-

69 

UCYN-A2 host CACATTGGAACATCC

TCC 

(18) Y 

UCYN-A1 

competitor 

UCYN-A2 probe used 

as A2 competitor 

GTTGCGGTCCAGTAG

CAC 

(18) N 

UCYN-A2 

competitor 

UCYN-A1 probe used 

as A2 competitor 

GTTACGGTCCAGTAG

CAC 

(18) N 

Helper A–

732 

Unicellular 

cyanobacteria UCYN-

A 

GCCTTCGCCACCGAT

GTTCTT 

(29) N 

Helper B–

732 

Unicellular 

cyanobacteria UCYN-

A 

AGCTTTCGTCCCTGA

GTGTCA 

(29) N 

UPRYM-

69 

competitor 

UCYN-A2 host, used 

as competitor 

CACATTGGAACATCC

TCC 

(18) N 

UBRADO-

69 

competitor 

UCYN-A1 host, used 

as competitor 

CACATAGGAACATCC

TCC 

(18) N 

Helper A-

PRYM 

Haptophyta GAAAGGTGCTGAAG

GAGT 

(18) N 

Helper B-

PRYM 

Haptophyta AATCCCTAGTCGGCA

TGG 

(18) N 
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Table S2. Table summarizing stations sampled. Station numbers according to station 

map (Fig. S1) repeating station numbers are different depths sampled. Depths 

between 17 to 38 m correspond to the location of the chlorophyll maximum at that 

station. The location corresponds to the sea or hydrographical location of the sample, 

shelf corresponds to stations above the Chukchi Shelf but not in the Chukchi Sea 

proper. UCYN-A abundances were determined by qPCR. Relative % UCYN-A nifH 

sequence is the total UCYN-A (UCYN-A1 + UCYN-A2) nifH sequences as a percent 

of the total number of nifH sequences. Bulk N-fixation rates, the standard deviation of 

the rate, limit of detection (LOD), and minimum quantifiable rate (MQR) were 

calculated as described in methods as the sum of values 3 µm and 0.3 µm size 

fractions. In the 15N2 fixation column, ‘x’ indicates no bulk measurements made at the 

station, ND (not detected) shows rate was below the limit of detection. If the rate was 

above detection, but below minimum quantifiable rate, the rate is included but 

marked with DNQ (detected, not quantified).  Enrichment of 15N2 in incubations, as 

determined by MIMS, is shown as the average of triplicate incubations for each 

station. 
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Station 1 15N2-fixation rate represents replicate samples, not triplicate. Only the 0.3 µm size 

fraction was measured for 15N2-fixation rates at Station 3 at both depths listed. 
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Table S3. Volumetric calculations of UCYN-A derived N2 fixation rates. Summary 

table comparing nanoSIM measured cell-specific N2 fixation rates, calculated 

volumetric rates (from cell-specific N2 fix rates and qPCR abundances), and bulk 

particulate N2 fixation rates. 
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Appendix 2 

Supplementary information for Chapter 3: Direct cell-specific measurements 

show N2 fixation by particle-attached non-cyanobacterial diazotrophs in the North 

Pacific Subtropical Gyre 

Supplementary Table 1: Summary of natural-light and all-dark N2 fixation rates 

(NFR). Average NFR is the average rate (nmol N l-1 d-1) from triplicate incubations 

and the associated standard deviation. Limit of detection (LOD) and minimum 

quantifiable rate (MQR) were calculated for each location and light treatment. 

Average NFR that were below the LOD (a conservative estimate) but above the MQR 

are denoted with asterisks. 
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Supplemental Figures S1 – S3 

Supplementary Figure 1: Relative abundance of nifH gene sequences rarified to 

minimum sequence recovery (738 sequences). Green shading corresponds to 

cyanobacterial nifH sequences, while grey shades correspond to bacterial non-

cyanobacterial diazotrophs, and blue (S17) is an archaeal non-cyanobacterial 

diazotroph—EpSB – Epithemia pelagica spherical body (Schvarcz et al., in press). 
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Supplementary Figure 2: Particle depth profile showing 15N At%. A particle 

analyzed at multiple depths showing several additional NCD cells (red arrows) that 

were not identifiable from the particle surface. The grey arrow (depth 3) is likely the 

same cell that was identified in depth 2. Depth profiles demonstrate the likelihood of 

missing NCD cells on the interior or underside of particles. 
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Supplementary Figure 3: Cell-specific N2 fixation rates (fmol N l-1 d-1) of 

cyanobacterial-like diazotrophs organized by location. Black horizontal lines 

represent the average cell-specific rate for that location. Cells were classified as 

cyanobacterial-like as they were enriched in 13C as well as 15N. 
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Appendix 3 

Supplementary information for Chapter 4: Visualization of two uncultivated 

marine diazotrophs, the non-cyanobacterium ‘Gamma-A’ and the symbiotic 

cyanobacterium UCYN-A, using fluorescent in situ hybridization of the nifH gene 

(geneFISH). 

Supplementary Figure 1: Comparison of UCYN-A2 CARD-FISH abundances 

(brown) to qPCR abundances (grey) in nifH copies L-1 from corresponding samples. 

A comparison of the abundance differences is indicated with black brackets. 

Differences suggest multiple copies of the nifH gene (qPCR) for every 1 symbiosis 

(CARD-FISH). CARD-FISH values are the average of triplicate transects across the 

filter piece. QPCR abundances are the average of biological replicates. Error bars 

represent standard deviation 

 

 

 

 

 




