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Abstract
Di-nitrogen (N2) fixers, also called diazotrophs, are able to reduce atmospheric N2 into bioavailable nitrogen, giving them
an advantage in open ocean regions with low dissolved inorganic nitrogen concentrations. The focus of this thesis are
three lineages of symbiotic heterocystous filamentous types (het-1, het-2 and het-3), that associate with several genera of
microalgae called diatoms (collectively referred to as Diatom Diazotroph Associations, DDAs). Other major cyanobacterial
diazotrophs in the ocean are the filamentous Trichodesmium spp., and the unicellular UCYN-A, UCYN-B and UCYN-
C. Although widespread in the tropics and subtropics, and first described in the early 20th century, the DDAs are an
understudied group of diazotrophs. Hence, our knowledge of their distribution, abundance, activity, and how these are
constrained by the environment is limited.

Initially we investigated the abundances and distributions of eight cyanobacterial diazotrophs, and two proposed micro-
algal hosts of UCYN-A1 and A2, in the western tropical south Pacific (WTSP), using quantitative polymerase chain
reaction (qPCR). Trichodesmium spp. was the most abundant diazotroph and het-1 was the most abundant DDA symbiont.
Using correlation analysis a distinct vertical separation was observed between UCYN-A and the other diazotrophs
(Trichodesmium spp., UCYN-B and DDA symbionts). The most influential environmental parameter on the diazotroph
abundances in the WTSP was temperature, and in order to investigate this further we compiled qPCR data from 11 publicly
available datasets from four ocean basins. Using a weighted meta-analysis we found that temperature was a robust factor
governing the diazotroph abundances (except for UCYN-A) across ocean basins.

Attempting to identify differences in environmental impacts on two of the DDA symbiont strains (het-1 and het-2),
we applied a new statistical tool called piecewise structural equation model, on qPCR abundance data from the western
tropical North Atlantic. We saw that the two strains had a direct positive interaction between each other, but two parameters
(salinity and dissolved inorganic phosphorous) differed. Based on a direct positive effect of salinity on het-1, and an indirect
negative effect of salinity on het-2, we concluded that het-2 prefers intermediate salinities (30-35 PSU), which is consistent
with where observations of het-2 blooms have been made.

Although DDA and UCYN-A symbionts both are major contributors of new N, and are symbiotic, they have several
unique differences. The host partners differ in phylogeny (diatom vs prymnesiophyte), size (80-250 vs 7-10 µm) and the
symbiotic life history (colonial vs solitary). The larger, colonial nature of DDAs make them difficult to collect, and hence
they are often under-sampled and undetected. In fact, after reviewing 46 qPCR studies we found that < 30% of the studies
(13 out of 46) quantified all three DDA symbionts, compared to UCYN-A (96%, 44 out of 46).

In order to study the DDA symbiont gene expressions we developed a highly specific DDA symbiont microarray (748
probes), which was applied on samples collected in the South China Sea. Although the gene expression levels were highly
variable, we observed an upregulation of the nifH gene (for N2 fixation) in the night. Investigating environmental impact
on overall gene expression levels, we found that fluorescence, temperature and salinity was most important. Temperature
and salinity also constrained abundances, but fluorescence could be seen as a proxy for either other phytoplankton or light
availability, suggesting that daylight and host influence DDA symbiont gene expression levels.

The results of this thesis broaden our understanding of the DDAs and how their ambient environment influences them. It
has also opened up new possibilities for in depth analysis of these complex environmental impacts. Lastly, it has provided
new analysis tools for further development on how the symbionts and hosts potentially impact each other’s activities.

Keywords: nitrogen fixation, diazotrophs, symbiosis, DDA, cyanobacteria, qPCR, piecewise SEM, microarray, tropics,
subtropics, marine, open ocean, Richelia, Calothrix.
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Sammanfattning 

Kvävefixerare, även kallade diazotrofer, kan reducera atmosfärisk kvävgas till 
biotillgängligt kväve, vilket ger dem en fördel i regioner i öppna hav med låga 
koncentrationer av löst oorganiskt kväve. Fokus för denna avhandling är tre 
stammar av heterocysta, filamentösa diazotrofer (het-1, het-2 och het-3) som 
bildar symbioser med ett antal släkten av kiselalger (tillsammans kallas 
de ”Diatom Diazotroph Associations”, DDA). Andra viktiga cyanobacteriella 
diazotrofer i öppna hav är de filamentösa Trichodesmium spp., och de encelliga 
UCYN-A, UCYN-B och UCYN-C. Trots att de är utbredda i tropikerna och sub-
tropikerna och beskrevs redan i början av 1900-talet, är DDA symbionterna en 
understuderad grupp av diazotrofer. Därför är vår kunskap om deras distribution, 
abundans, aktivitet och fördelaktiga miljöbetingelser begränsad. 

Inledningsvis undersökte vi, med hjälp av  ”quantitative polymerase chain 
reaction” (qPCR) -analyser abundans och distribution för åtta cyanobakteriella 
diazotrofer och två föreslagna symbiotiska värdceller av UCYN-A1 och A2 i 
sydvästra tropiska Stilla Havet. Trichodesmium spp. var den vanligast 
förekommande diazotrofen och het-1 var den vanligast förekommande DDA-
symbionten. Med hjälp av korrelationsanalys observerade vi en distinkt vertikal 
separation mellan UCYN-A och de andra diazotroferna (Trichodesmium spp., 
UCYN-B och DDA-symbionterna). Den viktigaste miljöfaktorn för 
diazotrofernas abundans i sydvästra Stilla Havet var temperatur, och för att 
undersöka detta ytterligare sammanställde vi 11 publika qPCR-dataset från fyra 
olika hav. Med hjälp av en ”viktad metaanalys” visade det sig att temperatur 
återigen var en viktig miljöfaktor (med undantag för UCYN-A). 

I ett försök att identifiera skillnader i miljöpåverkan på två av DDA-symbiont-
stammarnas (het-1 och het-2) abundanser i nordvästra tropiska Atlanten, 
använde vi oss av ett nytt statistiskt verktyg som kallas ”piecewise structural 
equation model”. Även om de två stammarna hade en direkt positiv interaktion 
mellan varandra, verkade salthalt och löst oorganiskt fosfor ha olika effekter på 
dem. Baserat på en direkt positiv effekt av salinitet på het-1 och en indirekt 
negativ effekt av salinitet på het-2, drog vi slutsatsen att het-2 föredrar salinitet 
som är något lägre (30-35 PSU), vilket stämmer med observationer av 
blommande het-2. 

Trots att DDA och UCYN-A båda är viktiga kvävefixerare och bildar symbioser, 
har de flertalet unika skillnader. Deras värdpartners skiljer sig i fylogeni 
(prymnesiofyt/kiselalg), storlek (7-10 µm/80-250 µm) och livshistoria 
(enskild/kolonial). DDA:ernas större och koloniala celler gör dem svåra att 
samla in och därför är de ofta understuderade och inte detekterade. Faktum är att 
efter att ha granskat 46 qPCR-studier fann vi att <30% av studierna (13 av 46) 
kvantifierade alla tre DDA-symbionterna, jämfört med UCYN-A (96%, 44 av 
46).  
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För att kunna studera DDA-symbionternas genuttryck utvecklade vi ett specifikt 
DDA-symbiont-microarray (748 prober), som applicerades på prover insamlade 
i Sydkinesiska havet. Även om genuttrycken varierade mycket, observerade vi 
en uppreglering av nifH-genen (för kvävefixering) på natten. Vid 
undersökningen av påverkan av olika miljöparametrar på genuttryck var 
fluorescens, temperatur och salinitet viktigast. Vi observerade tidigare att 
temperatur och salinitet även påverkar abundansen, men fluorescens kan ses 
som en proxy för antingen andra fytoplankton eller ljustillgänglighet, vilket 
antyder att dagsljus och värdcellen påverkar DDA-symbionternas genuttryck. 

Resultaten av denna avhandling breddar vår förståelse för DDA:erna och hur de 
påverkas av deras omgivande miljö. Dessutom öppnar det upp förr ytterligare 
möjligheter att undersöka den komplexa påverkan som miljön har. 
Avslutningsvis bidrar den med nya analysverktyg för att studera hur symbionten 
och värdcellen potentiellt påverkar varandras aktivitet. 
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1 Introduction 
Nitrogen (N) is an essential nutrient and is part of all living organisms, 
including the code of life, or deoxyribonucleic acid (DNA). However, 
despite di-nitrogen (N2) gas making up approximately 78 % of the Earth's 
atmosphere, it is unavailable as a nutrient source for most organisms since 
they lack the enzyme required to reduce N2. Instead, most living organisms 
acquire N in other more bioavailable forms, either as organic (e.g. amino 
acids, urea) or inorganic N (e.g. ammonium, nitrate and nitrite), from the 
environment or via food. However, some N2-fixing bacteria and archaea, 
known as diazotrophs, are able to reduce N2 into bioavailable ammonia 
(NH3), a process called biological N2 fixation (hereafter N2 fixation).  

 In nature, N2 fixation occurs in a range of ecosystems, including 
terrestrial and aquatic habitats, e.g. boreal forests (DeLuca et al., 2002), 
arctic lowlands (Chapin et al., 1991), marine environments (Capone and 
Carpenter, 1982), freshwater and brackish estuaries (Howarth et al., 1988; 
Lehtimaki et al., 1997), deep seas (Dekas et al., 2009) and even the guts of 
invertebrates and whale falls (Carpenter and Culliney, 1975; Dekas et al., 
2018; French et al., 1976). In the environment, where nutrients are scarce, N2 
fixation adds a significant amount of bioavailable N to the N budget and 
therefore fertilizes the surrounding microbial and plant communities 
(Mulholland et al., 2002). This process of N2 fixation by microbes has been 
known and implemented in anthropogenic agricultural practices for centuries 
(Peoples and Craswell, 1992). Due to their cosmopolitan distribution, 
diazotrophs play vital roles in many ecosystems. However, little is still 
known about the distribution (vertical and horizontal) of marine diazotrophs 
and the cellular regulation of their N2 fixation, and how it is affected by 
ambient environmental conditions. One group of largely understudied N2 
fixers is the heterocystous cyanobacterial lineages that form associations, or 
symbioses, with diatoms. This thesis investigates what biotic and abiotic 
factors constrain the globally important process of N2 fixation, with an 
emphasis on the diatom diazotroph associations (DDAs). 
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1.1 Marine N2 fixation and its global importance 

The process of N2 fixation is catalyzed by an enzyme complex called 
nitrogenase, which is encoded by a suite of nif genes (Young, 2005; Zehr et 
al., 2008). Nitrogenase is highly sensitive to oxygen (O2) (Eady and Leigh, 
1994). The following chemical reaction represents N2 reduction by the Fe-
Mo nitrogenase enzyme (Howard and Rees, 1996): 

 

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

 

The most common form of marine nitrogenase is composed of two proteins: 
di-nitrogen reductase (the iron (Fe) protein) and di-nitrogenase (the Fe-
molybdenum (Mo) protein) (Eady and Leigh, 1994). There are also less 
common alternative nitrogenases (McRose et al., 2017), which instead of the 
Fe-Mo in the di-nitrogenase protein are composed of Fe-Fe or Fe-vanadium 
(Vn) (Eady and Leigh, 1994). However, the alternative nitrogenases are 
more energetically expensive for reducing N2 (Eady and Leigh, 1994) due to 
a lower flux of electron transport across the Vn nitrogenase (Miller and Eady, 
1988). The distribution of alternative nitrogenases in the environment is 
thought to be coupled with trace metal concentrations (McRose et al., 2017), 
meaning that there is prevalence for e.g. Vn nitrogenase when Mo is scarce. 
Moreover, the Fe-Vn nitrogenase also seems to be more efficient at lower 
temperatures (Miller and Eady, 1988). However, what all nitrogenases have 
in common is the high demand for Fe and adenosine triphosphate (ATP), and 
the production of two molecules of bioavailable NH3. The actual reduction 
of N2 is performed by a sequential transfer of electrons between the di-
nitrogenase reductase component and a specialized electron donor 
component (Howard and Rees, 1996; Wenke, 2019). 

 It is well known that marine N2 fixation is an important 
counterweight against ecosystem N loss processes caused by e.g. 
denitrification and anaerobic ammonium oxidation (ANAMMOX). N2 
fixation also stimulates primary production and the subsequent drawdown of 
carbon dioxide (CO2) from the atmosphere; a process termed the biological 
pump (Karl et al., 2012; Volk and Hoffert, 1985). Much of the reduced 
carbon (C) acts as the foundation of marine food webs through grazing by 
zooplankton and the subsequent consumption by higher trophic levels. Some 
C also degrades and recycles in the sunlit layer due to dying plankton, and 
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fuels the microbial loop (Sellner, 1997). Lastly, ca 3-14 % of biogenic C and 
N sinks, as senescent and dying cells, out of the euphotic (sunlit) zone 
(Lohrenz et al., 1992). It is only a small fraction of this C (on average 5 % 
(Karl et al., 2012)) that actually sequesters to the ocean floor (Fig. 1). The 
rest will be re-mineralized and re-introduced to the euphotic zone. Thus, N2 
fixation constitutes a major source of new N, and also drives a net C 
sequestration given that upwelling or advection of re-mineralized N is 
always accompanied by C (Eppley and Peterson, 1979). 

 

 

Figure 1. Simple schematic of the biological pump which depicts the drawdown of CO2 and 

N2, the incorporation of these elements into biomass, the sinking of particulate organic C 

and N (POC and PON) to the sub-euphotic (below the sunlit) zone, the small fraction 

sequestered to the sea floor, and lastly the re-introduction of CO2 and re-mineralized N in 

the form of nitrate (NO3
-
) to the euphotic zone. Note that the figure is not to scale. Modified 

and reproduced with permission from Sohm et al. (2011). 

Some fixed N remains in the euphotic zone, and as mentioned, can 
be utilized by grazers and other pelagic microbes. Bioavailable N will both 
‘leak’ from the living diazotrophs, as well as be released upon cell lysis 
(Berman-Frank et al., 2004; Mulholland et al., 2006). Thus, diazotrophic 
growth, particularly regional blooms, may prime the pelagic community for 
subsequent successions of phytoplankton, e.g. dinoflagellates (Mulholland et 
al., 2006). Since grazing on marine diazotrophic cyanobacteria usually is 
limited (Conroy et al., 2017) due to e.g. toxins (O’Neil, 1998), a diazotroph-
induced succession of phytoplankton could instead indirectly benefit grazers 
(Motwani et al., 2018) and subsequently also higher trophic levels. 
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1.2 Estimating the marine N budget 

For decades it was assumed that a majority of marine N2 fixation occurred in 
areas of low to depleted concentrations of dissolved inorganic N (DIN) in 
the surface waters of tropical and subtropical regions (Fig. 2) (Carpenter et 
al., 1999; Wang et al., 2019). However, several studies during the last 15 
years are challenging this canonical paradigm. For example, measurable 
rates of N2 fixation in deeper waters, including oxygen minimum zones 
(OMZ) have been detected (Bonnet et al., 2013; Fernandez et al., 2011; 
Halm et al., 2009). Moreover, both presence and activity of diazotrophs have 
been observed in high latitude locations such as recently reported in Arctic 
marine waters (Díez et al., 2012; Harding et al., 2018; Martínez-Pérez et al., 
2016; Shiozaki et al., 2017, 2018), temperate coastal regions where DIN is 
not always depleted (Bentzon-Tilia et al., 2015; Mulholland et al., 2012, 
2019; Short and Zehr, 2007; White et al., 2013), estuaries (Bentzon-Tilia et 
al., 2015; Messer et al., 2015) and river influenced oceanic regions (Bombar 
et al., 2011; Carpenter, 1983; Carpenter et al., 1999; Foster et al., 2007, 
2009; Goes et al., 2014). The new insights on a broader distribution of active 
marine N2 fixers, provides cumulative evidence that the proposed 
imbalanced global marine N budget is due to an underestimation of N2 
fixation (Gruber and Sarmiento, 1997; Karl et al., 1997). 

 

Figure 2. Modelled N2 fixation rates in the global oceans. Reproduced with permission by 

Wang et al. (2019). 
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Global estimates of pelagic N2 fixation have historically been 
difficult to model, and there are still uncertainties regarding environmental 
constraints, and the rates and distributions of marine N2 fixation. Moreover, 
there is accumulating evidence of an increasingly broader diversity of 
diazotrophs (Henke et al., 2018; Turk-Kubo et al., 2017). Thus, in light of 
these recent findings on the distribution of marine N2 fixation, results from 
new models of global marine N2 fixation have shown increased inputs of 
fixed N (Landolfi et al., 2018; Wang et al., 2019). Previously, Luo et al. 
(2012) summarized both the global and regional pelagic N2 fixation rates 
from ca 45 years’ worth of field data, and concluded that it varied from 0.6-
56 Tg N yr-1 across ocean basins, with an estimated 137 Tg N yr-1 globally in 
the ocean (excluding the Indian Ocean due to lack of data). Another, more 
recent modeling study, calculated that the global N2 fixation rates equated an 
average input of 153 Tg N yr-1 (Landolfi et al., 2018). However, Wang et al. 
(2019) proposed a balanced marine N budget with a global fixed N2 input of 
163 Tg N yr-1 (Table 1). 
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Table 1. Estimated N2 fixation rates for each major ocean (Wang et al., 2019), as well as the 

total estimates for marine and terrestrial environments. The area of the global oceans 

corresponds to the area with hypothesized N2 fixation as reported in Luo et al. (2012). The 

table is synthesized from Wang et al. (2019), Luo et al. (2012) and Vitousek et al. (Vitousek et 

al., 2013)†. 

 

Region  Area (x 106 km2)  N2 fixation (Tg N yr-1)  

Atlantic Ocean  63 34.0 

Pacific Ocean  161 100.6 

Indian Ocean 70 26.6 

Mediterranean Sea 2.5 0.2 

Arctic oceans - 1.8 

Global oceans 297 163.2 

Terrestrial 149 58† 

 

Despite recent modeling efforts to predict the inputs and outputs of 
the marine N budget, Landolfi et al. (2018) argued that there are inherent 
difficulties and uncertainties in making global estimates by model-based 
approaches. For example, data coverage is low in some areas of the ocean 
(e.g. Indian Ocean) and a poor understanding of the ecology of marine 
diazotrophs leads to generalizing input values and/or making many 
assumptions based on no or low numbers of measurements. One such 
assumption is that all diazotrophs are equally affected by environmental 
parameters (Deutsch et al., 2007; Landolfi et al., 2018), while evidence on 
the contrary is accumulating (Bombar et al., 2011; Church et al., 2005; 
Langlois et al., 2012; Messer et al., 2016; Moisander et al., 2010; 
Mulholland et al., 2019; Stenegren et al., 2017, 2018). The ocean is vast and 
blooms are often short-lived and regional, and therefore routine sampling 
and measurements required for model efforts are difficult. Thus, N2 fixation 
is an important process on both global and regional scales, and although 
models of the marine N budget are seemingly closing in on a balance 
between N gains and losses, there is still much research needed. 
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1.3 Measuring pelagic N2 fixation rates 

N2 fixation rates can be measured either using the 15N2-tracer method, or 
indirectly by the acetylene reduction assay (ARA). The 15N2-tracer method 
traditionally added the isotope as a gas bubble to an incubation bottle, but 
this method has been recently criticized as possibly underestimating N2 
fixation. Therefore, Mohr et al. (2010), Großkopf et al. (2012) and Wilson et 
al. (2012) reported on method comparisons between amending bottles with 
15N2 as a gas bubble versus 15N2 enriched seawater. The results showed that 
the traditional bubble method had underestimated N2 fixation by ca 63 % 
(Großkopf et al., 2012), and dissolution increased N2 fixation rates 2-6 fold 
(Wilson et al., 2012). The study by Großkopf et al. (2012) was conducted on 
a Trichodesmium spp. bloom, hence, underestimation could have greater 
consequences on smaller (e.g. unicellular) diazotrophs that did not occupy 
the surface and the immediate vicinity of the 15N2 bubble. Moreover, White 
et al. (2012) argued that the inconsistencies in sampling procedures when 
measuring N2 fixation rates add to the uncertainties, since the rates are 
highly dependent on the diazotroph and time of day the incubation was 
performed. The reason being that the time of day that the incubation starts 
influences N2 fixation measurements, since dissolution will vary and 
diazotrophs are active at different times (day vs. night) (Dron et al., 2012; 
Taniuchi et al., 2012; Thompson et al., 2014; Zehr et al., 2008). If 
extrapolated, the resulting global pelagic N2 fixation estimate by Großkopf et 
al. (2012) was increased to 177 ± 8 Tg N yr-1 compared to their earlier 
estimate of 103 ± 8 Tg N yr-1. Thus, the method of measuring N2 fixation 
could have a great impact on modelling and estimates of the marine N 
budget. 
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1.4 Open ocean cyanobacterial diazotrophs 
 

Box 1. The main cyanobacterial diazotrophic lineages of the open ocean euphotic zone. 

 Trichodesmium spp. 
 UCYN-A 
 UCYN-B 
 UCYN-C 
 Richelia intracellularis 

 Calothrix rhizosoleniae 

 

Marine diazotrophy has only been identified in a relatively small, but diverse, 
group of bacteria and archaea: i.e. heterotrophic proteobacteria (α, β, δ and 
γ), firmicutes, cyanobacteria and euryarcheaeota (Capone, 2001; Zehr et al., 
1995, 2003). Cyanobacteria are one of the most widespread and ancient 
group of microorganisms and some of them are diazotrophs. Cyanobacteria 
collectively played a key role in Earth’s great oxygenation event and its 
aftermath (Bekker, 2014; Holland, 2002, 2006; Luo et al., 2018), and are 
also the origin of the primary chloroplast, which paved the way for modern 
day photosynthetic plant life (Martin et al., 2002; Raven and Allen, 2003). 

 

Figure 3. Epifluorescent images of the main cyanobacterial diazotrophic lineages of the open 

ocean euphotic zone. A. Trichodesmium spp.; B. colonial (left) and single cells (right) of 

UCYN-B (Crocosphaera watsonii); C. FISH image of UCYNA-1 symbiosis; D. apical end of a 

Rhizosolenia-Richelia symbiosis; E. chain of Hemiaulus-Richelia symbioses; F. chain of 

Chaetoceros-Calothrix symbioses. All images are courtesy of R.A. Foster except image C 

which is courtesy of N. Musat. 
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Some of the open ocean diazotrophs also form symbioses with 
diverse eukaryotic hosts. Cyanobacterial diazotrophs in the tropical and 
subtropical oceanic surface waters (Box 1) (Fig. 3) are highly diverse in 
several characters, e.g. size, life history and phylogeny (Fig. 4). Previously, 
diazotrophs, including the cyanobacterial groups, were categorized based on 
cell diameter (> 10 µm or < 10µm), but with new information on complex 
interactions and life histories (colonial, symbioses), a simple size based 
classification is complicated. For example, the unicellular diazotroph C. 

watsonii occurs as single cells (2-6 µm in cell diameter), in colonies (20-
1000’s µm in colony diameter), and as a symbiont in a chain-forming centric 
diatom (1000’s µm in host cell diameter) (Caputo et al., 2019; Carpenter and 
Janson, 2000; Foster et al., 2011). Thus, their size category may change 
depending on their life history. 

 

 

Figure 4. The cyanobacterial diazotrophs of the open ocean, and their different life histories. 

Note that the dashed lines signify uncertainty regarding the location of the symbiont within 

the host cell (UCYN-A, Crocosphaera and Richelia). The figure is reproduced from Thompson 

and Zehr (2013) under the CC BY-NC-ND 4.0 license 

(https://creativecommons.org/licenses/by-nc-nd/4.0/). 
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There are two genera of filamentous, heterocystous diazotrophs: R. 

intracellularis (hereafter Richelia) and C. rhizosoleniae (hereafter Calothrix), 
which form symbioses with diatom hosts (mainly Rhizosolenia, Hemiaulus 
and Chaetoceros). They are collectively referred to as DDAs. It should be 
noted that the aforementioned symbioses between C. watsonii and a diatom 
(Climacodium frauenfeldianum) are also a part of the DDAs, but were not a 
focus of this dissertation. The symbiotic host diatoms are unicellular, 
photosynthetic microalgae, which can occur as chains (Hemiaulus, 
Chaetoceros), but also as single cells (e.g. Rhizosolenia clevei), and vary 
greatly in cell diameter (ca 7-250 µm) (Caputo et al., 2019 and references 
therein). Diatoms are renown for synthesizing intricate and ornate ‘glass 
houses’ made out of silica (Si) (Armbrust, 2009). In general diatoms are 
widely distributed in all aquatic habitats, and contribute to nearly half (45%) 
of global primary production (Field et al., 1998). The DDAs are amongst the 
few diatoms that thrive in the open ocean, since most live coastally or in the 
benthos where dissolved nutrients are high.  

Three heterocystous symbiotic lineages have been delineated (based 
on their nifH gene phylogeny) that form symbioses with three different 
diatom host genera (Foster and Zehr, 2006) (Fig. 5). They are abbreviated 
het-1 and het-2 (a-b), which refers to Richelia associated with Rhizosolenia 
spp. and Hemiaulus spp. diatoms respectively, and lastly het-3, which refers 
to Calothrix rhizosoleniae associated with Chaetoceros compressus diatoms 
(Church et al., 2005; Foster and Zehr, 2006). Later, the symbiont genomes 
were sequenced, and correspond to the following draft genomes names: 
RintRC01 (het-1), RintHH01 (het-2a), RintHM01 (het-2b) and CalSC01 
(het-3). Hereafter the genome names will be used when discussing gene 
expression (Paper IV), while the het nomenclature is reserved to results of 
nifH quantitative PCR assays (Paper I-IV).  

Depending on the host there is a range of DDA symbiont cellular 
integration. For example, Calothrix attaches externally on the spines of the 
host diatom C. compressus (Norris, 1961), while Richelia is partially 
integrated and situated between the frustule and plasmalemma (inner plasma 
membrane) of host diatom R. clevei (Villareal, 1990), or appear to have 
penetrated the cytosol of the host H. hauckii (Caputo et al., 2019). In fact, 
confocal microscopy observations reported Richelia in H. hauckii as being 
partially and occasionally fully surrounded by chloroplast auto-fluorescence, 
and located next to the host mitochondria (Caputo et al., 2019). However, 
most observations were on chemically fixed samples and require further 
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verification. Of the various DDAs, only the Calothrix symbiont of C. 

compressus has been brought into culture (strain SC01) and is readily 
available, albeit without its host (Foster et al., 2010). Both Hemiaulus and 
Rhizosolenia have been enriched in a symbiotic state, but only short term 
(Villareal, 1989, 1990).  

DDAs are widespread in the tropics and subtropics and often form 
large blooms at intermediate salinities (30-35 PSU) i.e. riverine influenced 
regions (Bombar et al., 2011; Foster et al., 2007, 2009) and the open ocean 
(Church et al., 2005; Harke et al., 2019). The conditions that constrain the 
blooms are poorly understood, and it is currently unknown why one DDA 
might bloom while the others are absent or co-occurring at lower densities. 
Interestingly, Richelia and Calothrix are among the few heterocystous 
cyanobacteria known to colonize the open ocean, except for rare 
observations of Anabaena gerdii in the South Pacific (Carpenter and Janson, 
2001). In contrast, brackish waters in temperate regions like the Baltic Sea 
are dominated seasonally by the heterocystous cyanobacteria Nodularia sp., 
Aphanizomenon sp. and Dolichospermum sp. (Eigemann et al., 2018; Finni 
et al., 2001; Sivonen et al., 1989). 
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Figure 5. Neighbor joining phylogeny of partial nifH genes (359 bp) derived from the open 

ocean diazotrophs. The phylogenetic difference in the nifH gene is also the basis for the 

design of diazotroph specific oligonucleotides for the detection of the organisms by 

quantitative polymerase chain reaction (qPCR) assays. The sequences within the subclades 

have been collapsed. The scale bar represents 0.1 substitutions per site. A jukes-cantor 

correction was used, and three Trichodesmium erythraeum IMS101 sequences were used as 

the outgroup. Bootstrap values greater than 50% (from 10000 bootstrap replicates) are 

shown at the nodes. 
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Another filamentous diazotroph is the colonial non-heterocystous 
Trichodesmium spp., which is the most abundant and widespread of the N2-
fixers in the tropics and subtropics. It can also form surface ‘slicks’ of 
aggregating colonies easily visible to the naked eye and by satellites 
(Dupouy et al., 2011), and has some of the highest observed N2 fixation rates 
among the marine diazotrophs (Capone et al., 1997; Luo et al., 2012 and 
references therein). Moreover, Trichodesmium spp. is also considered a 
holobiont, as it is associated with a community of heterotrophic bacteria 
(Frischkorn et al., 2017; Hewson et al., 2009; Paerly et al., 1989). A recent 
study also identified a strain of Calothrix associated with Trichodesmium 
spp., which was phylogenetically different (nifH gene) from the one 
(Calothrix SC01; het-3) associated with diatoms (Momper et al., 2015). 

Lastly the unicellular group (UCYN) of diazotrophs includes the 
Candidatus Atelocyanobacterium Thalassa (hereafter UCYN-A), UCYN-B 
and UCYN-C. The UCYN-A currently has six known sub-lineages (Turk-
Kubo et al., 2017), and possibly two more (Henke et al., 2018). Three of 
these sub-lineages (UCYNA1-A3) are known to be symbiotic with a small 
microalgae closely related to the prymnesiophyte Braarudosphaera 

bigelowii (Cornejo‐Castillo et al., 2019; Hagino et al., 2013; Thompson et al., 
2012) which is a small mixotrophic unicellular eukaryote. UCYN-A 
symbionts have been observed internally, loosely attached or embedded 
within a symbiosome-like compartment with several UCYN-A cells 
enclosed by a common envelope (Cornejo-Castillo et al., 2016; Hagino et al., 
2013; Thompson et al., 2012). UCYN-A has been observed in a wide 
geographical range. For example, in addition to the tropics and subtropics, 
UCYN-A has been detected in temperate oceans (Bentzon-Tilia et al., 2015; 
Moisander et al., 2010; Needoba et al., 2007), estuaries (Messer et al., 2015), 
and most recently in arctic marine waters (Harding et al., 2018; Shiozaki et 
al., 2018). Thus, identification of UCYN-A in these other locations changed 
the canonical paradigm that marine N2 fixation is largely restricted to the 
euphotic zone of the subtropical and tropical open oceans.  

Based on several genetic markers, e.g. nifH for nitrogenase, 16S 
rRNA, and the internal transcribed spacer (ITS), the region between the 
small subunit ribosomal RNA (rRNA) and large subunit rRNA, UCYN-B is 
most phylogenetically similar to C. watsonii (Webb et al., 2009; Zehr et al., 
2007). It is often co-occurring with Trichodesmium spp., where it has been 
found to be abundant in the euphotic zone (Foster et al., 2007; Moisander et 
al., 2010; Robidart et al., 2014; Wilson et al., 2017). Six strains of C. 
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watsonii have been isolated, and genome sequenced. These strains 
demonstrate tremendous phenotypic diversity: e.g. cell sizes, temperature 
optima, growth rates, and ability to form colonies (Webb et al., 2009). 
Genomic comparisons of the strains identified an unusual low genetic 
diversity despite large differences in phenotype (Bench et al., 2013; Zehr et 
al., 2007). Instead genetic diversity is maintained through genetic 
rearrangements by mobile genetic elements (transposases) (Bench et al., 
2011, 2013). Bench et al. (2016) designed qPCR oligonucleotides to target 
two different phenotypes (small and large cell diameter sizes) in the field. 
The small cell size phenotype dominated in the NEP, while the small and 
large cell size phenotypes were nearly equal in the western tropical south 
Pacific (WTSP).   

UCYN-C is similar (90%) in the nifH sequence (359 bp) to the 
unicellular diazotrophic cyanobacteria Cyanothece ATCC51142 (Foster et 
al., 2009), and has been less studied than the other diazotrophs. It appears to 
have a broad geographic range, and has previously been reported in e.g. 
riverine influenced regions (Bombar et al., 2011; Foster et al., 2007), 
temperate waters (Needoba et al., 2007), and recently in a mesocosm study 
in a coastal region of the southwest Pacific (Turk-Kubo et al., 2015). 
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1.5 Open ocean non-cyanobacterial diazotrophs 

A group of marine diazotrophs that have recently gained increased attention 
are the non-cyanobacterial diazotrophs (NCDs). NCDs are composed of N2 
fixing heterotrophic bacterial populations, and to a lesser extent archaeal 
diazotrophs. The heterotrophic diazotrophs are mainly comprised of 
proteobacteria (α, β, δ and γ) (Farnelid et al., 2011). N2 fixation rates by 
NCDs are low compared to the cyanobacterial diazotrophs (Moisander et al., 
2017). However, given their potential for occupying vast regions and deeper 
depths where cyanobacterial diazotrophs are less abundant or absent (e.g. 
below the euphotic zone, at higher latitudes, in waters with high 
concentrations of DIN and inside nutrient depleted oceanic gyres) (Farnelid 
et al., 2011; Riemann et al., 2010; Shiozaki et al., 2014; Wu et al., 2019), 
depth integrated estimates of their N2 fixation rates suggest NCDs are 
important contributors to the marine N cycle (Moisander et al., 2017). 
Regionally, e.g. the South Pacific gyre (Bonnet et al., 2008; Halm et al., 
2012) and the Indian Ocean (Shiozaki et al., 2014; Wu et al., 2019), rates of 
N2 fixation by NCDs were considered significant. However, they are also 
broadly distributed in the euphotic zone of the tropics and subtropics 
together with the cyanobacterial diazotrophs (Bonnet et al., 2015; Farnelid et 
al., 2011; Langlois et al., 2015). Moreover, in oxygen deficient zones (ODZ), 
spanning both the sub-euphotic and euphotic zones, much of the fixed N can 
be attributed to heterotrophic diazotrophs (Bonnet et al., 2013; Fernandez et 
al., 2011; Moisander et al., 2017). It is tempting to assume that N2 fixation in 
ODZ’s is an effective strategy for minimizing the negative influence of O2 
on the nitrogenase complex, however, studies on heterotrophic diazotrophic 
activity are variable in terms of ambient O2 concentrations and show no clear 
pattern (Moisander et al., 2017). Moreover, ODZ’s are generally regions of 
denitrification, meaning that concentrations of DIN are high, making N2 
fixation superfluous (Gaye et al., 2013). More research is needed to 
understand the possible correlation between heterotrophic diazotrophs and 
O2 concentration, as well as the influences of other biotic and abiotic factors 
on heterotrophic diazotroph ecology. 

N2 fixation by archaea has only been identified in some species of 
the methanogenic lineage of the euryarchaeota (Leigh, 2000). However, 
despite observations of significant fractions of euryarchaeota in the euphotic 
zone (Karner et al., 2001; Massana et al., 1997), the diazotrophic activity and 
contribution to regional diazotrophy by methanogens in the euphotic zone 
has rarely been reported (Bombar et al., 2016; Man‐Aharonovich et al., 2007 
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and references therein). Similar to NCDs, much is still to be learned about 
N2 fixing archaea populations. 
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1.6 Differing N2 fixation strategies 

The nitrogenase complex is highly sensitive to O2, due to the irreversible 
oxidation of its Fe-S clusters (Eady and Leigh, 1994). Exposure to O2 will 
rapidly decrease N2 fixation efficiency (Stewart, 1969 and references 
therein), and paradoxically, many of the open ocean diazotrophs residing in 
the euphotic zone are cyanobacteria, and therefore photoautotrophs, which 
evolve O2 as part of photosynthesis. The one known exception is UCYN-A, 
which have lost genes for photosystem II (PSII), the system where O2 
evolves, and subsequently the ability to photosynthesize (Zehr et al., 2008) 
The lineages of UCYN-A that are symbiotic have hosts that perform 
oxygenic photosynthesis, and therefore evolve O2. However, it is not known 
how symbiotic UCYN-A combats the O2. To counteract O2 and its negative 
impact on the nitrogenase enzyme, other diazotrophs have evolved different 
strategies. For example, either by temporally or spatially separating N2 
fixation from photosynthesis (Berman-Frank et al., 2001; Haselkorn, 1978; 
Mitsui et al., 1986). Moreover, genes for hopanoid lipids, known for barriers 
for O2 diffusion, have recently been found in all major non-heterocystous 
cyanobacterial diazotrophs of the open ocean, including UCYN-A, 
presumably functioning to decrease O2 penetration to the nitrogenase 
enzyme (Cornejo-Castillo and Zehr, 2019). 

Heterocystous, filamentous cyanobacteria apply a spatial separation 
of nitrogenase by localizing N2 fixation to a thick-walled heterocyst with 
decreased O2 permeability (Haselkorn, 1978), and the O2 evolving 
photosynthesis step to the vegetative cells. In contrast, some unicellular 
cyanobacteria (e.g. Crocosphaera strains) temporally separate N2 fixation by 
fixing N2 at night and photosynthesizing during the day (Dron et al., 2012; 
Taniuchi et al., 2012). However, UCYN-A appears to fix N2 during daytime 
(Thompson et al., 2014; Zehr et al., 2008). This temporal shift in UCYN-A 
is proposed to be possible due to the symbiosis. Furthermore, the 
prymnesiophyte host supplies carbohydrates, and UCYN-A applies a cyclic 
photophosphorylation with photosystem I (PSI) (Muñoz-Marín et al., 2019). 

The filamentous colonial cyanobacteria, Trichodesmium spp., have 
evolved a unique N2 fixation strategy by using both temporal and spatial 
separation. The latter is made possible by a proposed use of localized regions 
of the filaments composed of several cells, which were named diazocytes 
(Fredriksson and Bergman, 1997). Since diazocytes, in contrast to 
heterocysts, contain both active PSI and PSII (Fredriksson and Bergman, 
1997), Trichodesmium spp. combine a strict diurnal cycle of N and C 
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fixation, coupled with a Mehler reaction to minimize O2 (Berman-Frank et 
al., 2001). Little is known about the N2 fixation strategies of the 
heterotrophic diazotrophs, but it has been suggested that they could use O2 
deficient microhabitats by associating with organic matter where dissolved 
organic matter (DOM) could fuel their N2 fixation (Moisander et al., 2017; 
Thiele et al., 2015). Moreover, they could also reside in areas of low O2, 
such as the euphotic and sub-euphotic ODZ’s. 
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1.7 A symbiotic life history of DDA and UCYN-A 

Symbiosis is a relatively old concept, introduced by deBary (deBary, 1879), 
where he defined symbiosis as two (or more) differently named organisms 
living together. Today the concept of symbiosis involves interspecies 
benefits and includes mutualism, commensalism, and parasitism. Among the 
diazotroph-eukaryote symbioses (where the diazotroph is the symbiont and 
the eukaryote is the host), many are believed to be mutualistic, where a 
transfer of nutrients (e.g. N and/or C) makes up the basis of the partnerships 
(Foster et al., 2011; Foster and Zehr, 2019; Thompson et al., 2012). In the 
open ocean, symbioses between diazotrophs and eukaryotic phytoplankton 
are highly specific (Foster and Zehr, 2006; Janson et al., 1999; Thompson et 
al., 2014) and in some cases potentially obligatory for the symbiont (Hilton 
et al., 2013; Thompson et al., 2012; Thompson and Zehr, 2013). These 
partnerships have given the eukaryotic host distinct advantages in colonizing 
the nutrient scarce open ocean, however, the potential benefit(s) to the 
cyanobacterial symbiont remain uncertain. 

Genome reduction, gene loss and decreased GC content are common 
characters in symbionts (Moran et al., 2008), and in several planktonic 
cyanobacteria-eukaryote symbioses of the open ocean, genome reduction 
and streamlining has been observed (Hilton et al., 2013; Nakayama et al., 
2014; Tripp et al., 2010; Zehr et al., 2008). The relatively small sizes for 
some of the symbiotic diazotroph genomes, together with the streamlining of 
metabolic pathways (e.g. N assimilation and acquisition in Richelia and PSII, 
tricarboxylic acid cycle, and several amino acids and purines in UCYN-A) 
(Table 2), give an idea of the progression of the symbiosis in an evolutionary 
perspective. The genome size and content for the symbionts of DDAs is 
directly linked to the symbiont cellular location (Table 2) (Caputo et al., 
2018; Hilton et al., 2013). For example, the external symbiont Calothrix has 
the largest genome (CalSC01, 5.97 Mbp), followed by the partially 
integrated Richelia (RintRC01, 5.4 Mbp), and the most internal symbiont, 
Richelia, has the smallest genome (RintHM01 and RintHH01, 2.21 and 3.24, 
Mbp respectively). Moreover, all of the DDA symbiont genomes are smaller 
than e.g. the free-living heterocystous diazotroph Anabaena variabilis 
ATCC 29413 (7.1 Mbp) (Thiel et al., 2014). The UCYN-A genome has 
evolved more, and is more reduced (1.4-1.8 Mbp) than the DDA symbionts 
(Bombar et al., 2014; Caputo et al., 2019; Cornejo-Castillo et al., 2016; 
Tripp et al., 2010, p.2010; Zehr et al., 2008). Furthermore, cellular entities, 
referred to as spheroid bodies, that have N2 fixation activity and resemble 
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cyanobacteria in genome content and sequence similarity, have been 
observed in freshwater diatoms of the genera Rhopalodia and Epithemia 
(Kneip et al., 2007; Nakayama et al., 2014; Trapp et al., 2012). These 
spheroid bodies are similar to UCYN-A in genome size (2.6-2.79 Mbp) and 
genome content that has been lost (Kneip et al., 2007; Nakayama et al., 
2014). 

 

Table 2. Summary of genomic and life history information of the DDAs compared to the 

older and more streamlined UCYN-A1 and A2 symbionts. Reproduced from Caputo et al. 

(2018) (Paper III) under the CC BY 4.0 license 

(https://creativecommons.org/licenses/by/4.0/). 
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Compared to their free-living counterparts, there are likely trade-offs 
to a symbiotic life-history. The genome reduction and loss of genomic 
content observed in Richelia (RintHH01, RintHM01 and RintRC01) and 
UCYN-A symbionts (Table 2) impacts their dependency on the host. For 
example, UCYN-A lost the ability to photosynthesize, while the Richelia 
strains (RintHH01, RintHM01) lost several N acquisition pathways resulting 
in N2 fixation as the primary means to acquire bioavailable N (Hilton et al., 
2013). Moreover, the GC content seen in the DDA symbiont genomes is 
decreased (34-39 %) (Hilton et al., 2013) compared to e.g. the free-living 
heterocystous Anabaena variabilis ATCC 29413 (41 %) (Thiel et al., 2014). 
Furthermore, the symbiont UCYN-A lacks e.g. ribulose-1,5-bisphosphate 
carboxylase-oxygenase (RuBisCo), tricarboxylic acid (TCA) cycle, several 
amino acid synthesis pathways and PS II, rendering them incapable of fixing 
their own C (Cabello et al., 2016; Cornejo-Castillo et al., 2016; Farnelid et 
al., 2016; Zehr et al., 2008), and resulting in a host dependency for 
carbohydrates. 
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1.8 Environmental constraints on marine diazotrophs 

1.8.1 Nutrients 

As previously mentioned N2 fixation fertilizes the environment by reducing 
N2 gas into bioavailable ammonia, and has been estimated to contribute more 
than 50 % of the N demand for the surrounding phytoplankton community 
(Capone et al., 2005; Karl et al., 1997). However, N2 fixation is largely 
constrained by the ambient environment, both biotic (e.g. other plankton) 
and abiotic (e.g. nutrients and temperature) factors. Some oceanic regions 
are identified as conducive to N2 fixation based on their dissolved inorganic 
nutrient concentrations (Bonnet et al., 2017; Messer et al., 2016; Moutin et 
al., 2017), which would include low to immeasurable concentration of DIN 
and elevated dissolved inorganic phosphorous (DIP) and high Fe deposition.  

In general, dissolved nutrients (e.g. N, phosphorous (P), Fe and Si) 
are added to the euphotic zone through 1) hydrographic processes (advection, 
upwelling and eddy diffusion) that transport re-mineralized nutrients from 
the deep ocean, 2) terrestrial inputs (rivers, land run-off and sewage) (Eppley 
and Peterson, 1979), and 3) atmospheric deposition. In most cases a mix of 
the dissolved nutrients are transported simultaneously to the surface ocean, 
close to the Redfield equilibrium (C:N:P = 106:16:1) (Eppley and Peterson, 
1979). Regionally, atmospheric dust deposition also plays an important role 
in supplying e.g. Fe and P to the surface ocean. For example, approximately 
0.11 % of Saharan dust is P and ca 3.5 % Fe, making dust deposition an 
important stimulant for surface N2 fixation (Ridame and Guieu, 2002). One 
prime example is the seasonal input of Saharan dust to the tropical and 
subtropical North Atlantic Ocean (Chen and Siefert, 2004; Langlois et al., 
2012; Pabortsava et al., 2017). 

The nitrogenase enzyme has, due to its composition, a high demand 
for Fe which is therefore considered the major limiting nutrient for 
diazotrophy (Chappell and Webb, 2010; Kustka et al., 2003; Raven, 1988). 
In addition, photosynthesis requires Fe for both PSI and PSII complexes, as 
well as in Fe-S and cytochrome proteins (Raven, 1990; Sunda and Huntsman, 
2015), making photoautotrophic diazotroph Fe requirements even higher. 
Heterotrophic diazotrophs do not photosynthesize and would therefore have 
a lower Fe requirement than their photoautotrophic counterparts. The lower 
Fe requirement is a proposed reason for the dominance of heterotrophic 
diazotrophs in ultra-oligotrophic ocean regions like the South Pacific gyre, 
where Fe input is low and dissolved organic carbon (DOC) concentration is 
high (Halm et al., 2012). Moreover, the lack of atmospheric dust deposition 
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is one of the proposed reasons why the eastern South Pacific Ocean (Bonnet 
et al., 2008) and southern Atlantic Ocean (Langlois et al., 2012) is lacking in 
terms of marine N2 fixation. However, there are more inconspicuous sources 
of Fe in marine environments, like hydrothermal activity (Tagliabue et al., 
2010) and animal feces (Lavery et al., 2010) that can be important on local 
and regional scales.  

The strategies for dealing with Fe limitation, although not well 
known, differ between phytoplankton, including diazotrophs (Morrissey and 
Bowler, 2012). For example, Fe depleted conditions induce colony 
formation of Trichodesmium spp. (Tzubari et al., 2018), whose colonies have 
previously been shown to actively and directly mobilize and utilize dust 
particles (Rubin et al., 2011), and Shi et al. (2007) have suggested that 
Trichodesmium spp. prioritize photosynthesis over N2 fixation due to a more 
rapid down-regulation of N2 fixation genes in response to Fe deficiency. 
Among the unicellular diazotrophic cyanobacteria both Crocosphaera and 
Cyanothece have similar patterns of increased cellular Fe, coupled with an 
up-regulation of Fe uptake genes in the evening, linking Fe uptake with N2 
fixation, which occurs at night (Saito et al., 2011; Shi et al., 2010; Stöckel et 
al., 2008). Furthermore, the bacterioferritin protein, which is a bacterial Fe 
storage protein (Rivera, 2017), peak at times of maximum Fe utilization by 
N2 fixation and photosynthesis (Morrissey and Bowler, 2012). Combined, it 
suggests that Crocosphaera minimizes its Fe quota by transferring Fe 
between the N2 fixation and photosynthesis systems (Morrissey and Bowler, 
2012). Little is known about the Fe limitation strategies in DDAs, however, 
being in symbiosis with diatoms, which in general have a rapid response to 
Fe availability (Marchetti et al., 2012; Morrissey and Bowler, 2012) may 
have its advantages. Moreover, both Richelia and Calothrix possess the Fur 
gene for regulation of Fe uptake, while Calothrix also possess tonB transport 
and a complete siderophore pathway for biosynthesis and active transport of 
Fe3+-binding siderophores (Nieves-Morión, unpubl.). In light of the varying 
DDA symbiont cellular integration with their hosts, mediation, competition, 
and possible coordination of Fe acquisition between the partners is an 
interesting and still open question. 

Another important nutrient for diazotrophs is P, which has been 
proposed to be a co-limiting nutrient of N2 fixation together with Fe in 
marine environments (Mills et al., 2004), and is the primary limiting factor 
of diazotrophy in Fe replete conditions (Sañudo-Wilhelmy et al., 2001). 
Moreover, it has been suggested to drive Fe limitation on diazotrophy (e.g. 
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in the SCS), and subsequent N limitation on the phytoplankton community 
(Wu et al., 2003). It has been shown in laboratory cultures of Trichodesmium 
and Crocosphaera that the co-limitation of P and Fe increases both growth 
and N2 fixation rates compared to either replete or single nutrient limited 
conditions (Garcia et al., 2015). A later culture study on Trichodesmium 
showed that some of the characteristic genes up-regulated during Fe-P co-
limitation included e.g. Fe stress (isiB), P transport (sphX) and cell 
morphology (ezrA). The ezrA gene has previously been linked to cell size 
(Jorge et al., 2011), suggesting that regulation of cell size (smaller cells, 
larger cellular surface to volume ratio), and gene expression levels in 
Trichodesmium is an adaptation to chronic nutrient co-limited conditions of 
the oligotrophic open oceans (Walworth et al., 2016).  

One of the main arguments for the importance of P in marine 
ecosystems is the widespread prevalence of P uptake genes, even among the 
smallest and most streamlined prokaryotic genomes (Dyhrman et al., 2007). 
However, a majority of all marine P is in the form of dissolved organic P 
(DOP) (Clark et al., 1999), which may only be utilized by phytoplankton that 
possess alkaline phosphatase, phosphoesterase or metallophosphoesterase 
(Dyhrman and Haley, 2006). These three enzymes catalyze the hydrolysis of 
P monoesters, which constitutes ca 80 % of all marine DOP (Young and 
Ingall, 2010). A wide range of phytoplankton has the ability to utilize DOP 
via P hydrolyzing enzymes (Dyhrman and Haley, 2006), including three of 
the DDA symbionts (Fig. 6), which could give them an advantage in DIP 
limited conditions. 
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Figure 6. Presence or absence of P scavenging and acquisition genes for the four DDA 

symbiont strains Richelia-Hemiaulus hauckii (R-HH), Richelia-Hemiaulus membranaceus (R-

HM), Richelia-Rhizosolenia clevei (R-RC) and Calothrix-Chaetoceros (C-C), and the unicellular 

diazotroph Crocosphaera watsonii (CW). A colored gene signifies its presence in the 

corresponding genome. 

  

R-HH R-HM R-RC C-C CW Gene Function

ppa Inorganic pyrophosphatase
pitA Inorganic phosphate transporter
phoU Phosphate transport system regulator
phoR Phosphate regulon sensor protein
phoB Phosphate regulon transcriptional regulatory protein
phoH Phosphate starvation-inducible protein
pstB Phosphate transport ATP-binding protein
pstA Phosphate transport system permease protein
pstC Phosphate transport system permease protein
pstS Phosphate ABC transporter, periplasmic phosphate-binding protein
ppk Polyphosphate kinase
ppx Exopolyphosphatase
phnE Phosphonate ABC transporter permease
phoD Phosphodiesterase/alkaline phosphatase D
phoA Alkaline phosphatase
ypbG Phosphoesterase
mpe Metallophosphoesterase

DOP hydrolysis 
and transport
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Molybdenum (Mo) is a trace metal highly relevant for N2 fixation 
since it is a central part of the Fe-Mo nitrogenase enzyme. Although needed 
in much less quantities than Fe, it has been proposed to be a possible limiting 
factor of marine diazotrophy due to lower availability in some regions 
(Howarth and Cole, 1985). Molybdenum in marine environments can reach 
concentrations ca 100 times higher than in freshwater systems. The 
decreased availability in some habitats could be related to an active 
competition in uptake between the ions molybdate and sulfate, which has a 
lower concentration in freshwater. However, marine diazotrophs are 
unaffected (Paulsen et al., 1991), and their activity is not directly linked to 
environmental Mo concentrations. One plausible explanation is that marine 
diazotrophs possess’ genes for highly specific uptake of Mo via a homolog 
of the modEABC Mo transport system first identified in the heterotrophic 
soil diazotroph Azenobacter vinelandii (Tuit et al., 2004), which has been 
found in both Trichodesmium spp. and the DDA symbionts. 

Si is an important nutrient for the diatom hosts of the DDAs, since 
they incorporate Si by building intricate cell walls, called frustules. Much of 
the production of biogenic Si in the oceans is by diatoms (Tréguer and De La 
Rocha, 2013), and therefore, the DDAs are at a disadvantage in regions of 
low Si inputs and concentrations. However, there are plenty of sources of Si 
to the marine environment, the most prominent being river discharges 
(Conley, 1997; Tréguer and De La Rocha, 2013), which is likely one of the 
reasons why the highest abundances of DDAs have been observed in regions 
heavily influenced by river discharges, e.g. the Amazon, Orinoco and 
Mekong river plumes (Bombar et al., 2011; Carpenter et al., 1999; Foster et 
al., 2007). 
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1.8.2 Hydrographic parameters 

Temperature is often proposed to be one of the most important parameters 
governing the distribution and activity of marine diazotrophs (Chen et al., 
2019; Messer et al., 2016; Moisander et al., 2010; Stenegren et al., 2018). 
However, it is not the only relevant hydrographic parameter. Depending on 
spatial and temporal variability on both small and large scales 
photosynthetically active radiation (PAR), salinity and depth can also play 
important roles in shaping diazotroph distributions in pelagic ecosystems. 

Variation in gene expression levels for certain metabolic pathways 
based on daylight has recently been demonstrated for one DDA strain (Harke 
et al., 2019), and it is well known that some unicellular photoautotrophic 
diazotrophs (i.e. UCYN-B and UCYN-C) regulate their N2 fixation and 
photosynthesis based on daylight, or the absence thereof (Dron et al., 2012; 
Taniuchi et al., 2012). Although many studies have observed decreasing 
abundances of diazotrophs as a function of decreasing PAR with depth 
(Church et al., 2005; Foster et al., 2007; Goebel et al., 2010; Kong et al., 
2011; Langlois et al., 2008; Moisander et al., 2008, 2010; Stenegren et al., 
2018), less is known about the regulation of e.g. nitrogenase transcription 
with decreasing PAR, due to increasing depth or turbidity. In terms of 
phytoplankton abundance, decreasing PAR due to increasing turbidity has 
been observed to have a negative impact on abundance of the greater 
phytoplankton community in the Amazon River plume (Goes et al., 2014). 
Moreover, transcription of the nifH gene (nitrogenase Fe protein) in 
particular has been observed to decrease with depth for one DDA symbiont 
strain in the open ocean of the NEP (Church et al., 2005). 

Salinity is a less obvious predictor of diazotroph abundance and 
activity since most of the open ocean euphotic zone has a uniform salinity 
regime (> 35 PSU). The exception is in regions near freshwater discharge 
from large rivers (e.g. Amazon, Niger and Mekong) where decreased salinity 
can be measured far from the river mouth (Borstad, 1982; Muller-Karger et 
al., 1988). In these regions salinity shapes the mosaic and spatial succession 
of e.g. phytoplankton where coastal species tend to dominate inside the river 
plume, and open ocean species next to or underneath the river plume (Goes 
et al., 2014). Moreover, Foster et al. (2007) observed a succession of the 
phytoplankton community from non-symbiotic phytoplankton, to symbiotic 
diazotrophs, to free-living diazotrophs along a salinity (and nutrient) 
gradient (ca. 24-36 PSU) of the Amazon River plume.  
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2 Thesis aims 
It is well known that diazotrophs are a small but diverse group of microbes, 
with a wide range in life histories, N2 fixation strategies, distributions and N2 
fixation rates. However, little is known about the environmental conditions 
that influences N2 fixers and their activity. Therefore, an overarching aim of 
this thesis was to investigate cyanobacterial diazotroph distributions, 
abundances and gene transcriptions in relation to the different environmental 
conditions. Here, gene expression is used as an indirect proxy for activity 
and the thesis largely focused on the DDAs. Increased knowledge of what 
environmental parameters govern diazotroph abundance and activity, as well 
as how the diazotrophs are affected, will help us better understand ecosystem 
dynamics and the role of the diazotrophs in marine biogeochemical cycles. 
Moreover, it will help in modeling of marine N and C budgets over both 
spatial and temporal scales. 

Specifically, the aims of this thesis were to determine the 
distribution and abundance patterns of cyanobacterial diazotrophs in various 
habitats (Paper I, II, IV), including a comparison of regional patterns with 
other ocean basins (Paper I), and a statistical model for predicting parameter 
influence (Paper II, IV). Determine which ambient environmental 
parameters and conditions potentially select for the occurrence of certain 
diazotrophs, and how the environment impacts abundances of diazotrophic 
groups (Paper I, II, IV). The thesis further highlights a disparity in research 
attention in the field of N2 fixation for both abundance and activity 
measurements of DDAs, and provided a brief comparison of the two main 
N2 fixing planktonic symbioses: DDAs and prymnesiophyte-UCYN-A 
(Paper III). Lastly, a DDA symbiont specific microarray was developed and 
applied to determine strain similarities and differences in gene expression 
levels, and how environmental parameters influence the transcription of 
select functional genes (Paper IV).  
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3 Comments on methodology 

3.1 Sampling for diazotrophs 

Due to the relatively remote occurrence of the DDAs, sampling for them was 
conducted during three 4-6 week-long scientific cruises in the open ocean 
(Fig. 7). All three regions of sampling were located within the subtropical-
tropical belt (30°N-30°S): WTSP (Paper I), WTNA (Paper II) and SCS 
(Paper IV). The sampling regions of the WTNA and SCS were located near 
large river discharges (Amazon and Orinoco, and Mekong, respectively) and 
are therefore dynamic oceanic regions heavily influenced by seasonal 
freshwater discharges. The sampling region of the WTSP included parts of 
the Melanesian archipelago and subtropical gyre, which are regions 
characterized as distinctly oligotrophic to ultra-oligotrophic with little 
variation in sea surface nutrient concentrations, temperature, and salinity. 

  



 47 

 

 



 48 

 

Figure 7. Integrated maps of sampling regions on the inset images, showing the regional 

surface area of chlorophyll a concentrations (mg m
-3

) during the cruises as two-month 

average composites. The red and green circles are all the sampled stations, while RNA for 

microarray analyses were from stations marked with green circles. The oceanic regions are 

the Western Tropical North Atlantic (WTNA; sampled May-June, 2010), the South China Sea 

(SCS; sampled June, 2016) and the Western Tropical South Pacific (WTSP; sampled February-

March, 2015). 

At sea, three different sampling strategies were used and dependent 
on the intended lab method. The most frequently used method of sampling 
was with niskin bottles (12 L each) mounted on a conductivity, temperature, 
depth (CTD) rosette (Fig. 8). The CTD is capable of measuring a number of 
hydrographic parameters during deployment, allowing for the in situ 
overview of the conditions in the water column. At a given depth, individual 
niskin bottles can be closed, returned to the surface, and the water from that 
depth retrieved for further processing on board the research vessel.  

 

 

Figure 8. CTD rosette with 24 mounted 12L niskin bottles being deployed at the starboard 

side of the R/V L’Atalante during the OUTPACE 2015 cruise. 

  



 49 

 

Other, simpler ways of sampling used, included a bucket lowered to the 
surface with a rope, or on some research vessels, water from a sub-surface 
underway system. The bucket is easy to deploy, and may retrieve relatively 
large volumes of water in a short time. It also samples from the very surface 
in which the CTD rosette mechanically cannot sample. On the other hand it 
is more prone to contaminations and degradation due to its close proximity 
to the hull of the research vessel and the more direct handling of the sample 
water itself. Furthermore, the underway pump is, like the bucket, a strategy 
with virtually unlimited amount of sample water, however, the underway 
system is usually fitted with a pre-screen (> 200 µm mesh) to exclude larger 
plankton and debris. Screens are also often subject to biofouling. The pre-
screen is also an issue in the case of e.g. the DDAs, Trichodesmium spp. or 
particle associated diazotrophs, since larger chains, colonies or aggregates of 
cells and particles might be excluded, or compromised. 

After retrieving the sample water it was filtered through different 
diameter and pore sizes (from 0.2 µm to 10 µm), depending on the 
downstream application, using a peristaltic pump. Mostly, we used 25 mm 
and 47 mm diameter filters for collecting material for microscopy and 
nucleic acids. The filter diameter and pore size depended on the plankton 
density and volume filtered. When filtering DNA/RNA samples the pressure 
of the peristaltic pump had to be low enough not to compromise cell 
integrity, but high enough to collect samples within 40 min, hopefully 
minimizing nucleic acid degradation and potential changes in transcription. 
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3.2 Quantifying diazotrophs and their gene expression levels 

The most straightforward method of quantifying the relative abundance of 
diazotrophs in the environment is qPCR. It was also the most applied method 
in this thesis. The basis of the TaqMan qPCR used in this thesis is a pre-
designed set of short (16-32 bp each) oligonucleotides (reverse/forward 
primers and a marker probe) that were applied to the nucleic acids from the 
samples and an 8-point standard curve of the target at known concentrations. 
The standards were made from plasmids containing the target or 
commercially synthesized in G-blocks. A fitted line to the amplification 
signal of standards allows us to estimate the abundance in the samples. In 
our case the oligonucleotides are designed to target (and enumerate) a small 
(49-83) base pair (bp) fragment of a conserved region of the nifH gene (359 
bp), (Paper I and II, IV). In addition, two sets of oligonucleotides, 
including a newly designed set, were applied to target the18S rRNA gene of 
the UCYN-A1 and UCYN-A2 hosts (Paper I; Table 3). The samples and 
assays were run on a StepOnePlus (Applied Biosystems, Life Technologies; 
Stockholm, Sweden) qPCR instrument, which has the possibility of a ‘fast 
mode’ with a run time of ca 40 min (compared to the normal ca 2 h), 
allowing for rapid generation of relative abundance data. 

Table 3. Summary of the TaqMan oligonucleotides used in this thesis. 
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In this thesis, activity was quantified by measuring gene 
transcription (the first step in assembling proteins and enzymes for metabolic 
activities) using a microarray approach. The recent cost effectiveness and 
improvements in high throughput sequencing have led to an increasing 
number of partial and fully sequenced microbial genomes. This new 
information opens up new opportunities for targeted microarray analyses 
since they are based on known sequences (Shilova et al., 2016). 
Subsequently, the microarray technique can be designed to quantify 
transcription of whole or specific pathways in genomes. For example, a few 
recent studies on diazotrophs (Hewson et al., 2007; Muñoz-Marín et al., 
2019; Shi et al., 2010; Paper IV), the nifH gene of diazotrophic 
communities (Moisander et al., 2006) or a wide range of functional genes in 
the pelagic microbial community (Robidart et al., 2018; Shilova et al., 2014, 
2016), have used mRNA based microarrays. Given the nature and quality of 
our samples, microarrays are more advantageous than total RNA sequencing 
(e.g. RNA seq) since it allows for detection of low abundance transcripts of 
species that are relatively less abundant in the ambient and mixed microbial 
community. Moreover, by designing individual probes for each gene it is 
possible to distinguish between closely related strains and target a subset of 
functional genes simultaneously. Before the total RNA extracts could be 
processed they were quality controlled for degradation using the RNA 
Integrity Number (RIN). RIN is an objective algorithm based on the entire 
electrophoresis output, including rRNA ratios (28S/18S for eukaryotes and 
23S/16S for prokaryotes). The RIN value is graded on a scale of 1-10, where 
10 is the best quality (most intact RNA) (Mueller et al., 2004). However, due 
the lower relative abundance of the DDAs in our samples, there were 
difficulties in collecting enough RNA of adequate quality for the microarray. 

Much of the preparatory work in designing an organism specific 
microarray was controlling for potential cross-hybridization to closely 
related strains (e.g. between the DDA symbionts) and to the co-occurring 
environmental populations. We were highly conservative in our approach of 
design and employed several steps: 1) the manufacturers default algorithm 
when designing the probes, 2) BLASTn comparisons in the National center 
for Biotechnology Information (NCBI), including the publically available 
omics datasets and the three DDA symbiont draft reference genomes, 3) 
pilot microarray that applied extracted total RNA from the asymbiotic 
Calothrix strain (CalSC01). All probes with nucleotide (nt) similarities of 
95 % or higher over the entire probe region were discarded. Moreover, any 
probes assigned to the RintRC01, RintHH01 or RintHM01 that hybridized in 
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the pilot experiment with RNA derived from CalSC01 culture were also 
discarded. The final microarray design had a 30 % decrease in the number of 
probes (mainly for the RintHH01 and RintHM01), but still contained a wide 
range of the functional genes initially selected for all strains. Due to the high 
cross-hybridization between RintHH01 and RintHM01, the latter was not 
included in any further analysis (Fig. 9). 

 

 

Figure 9. A summary comparison of the number of probes for the main metabolic pathways 

on the final micro-array shown according to symbiotic strain: RintRC01, RintHH01, CalSC01. 

Values shown as the number of genes normalized to the draft genome size (Mbp) of the 

respective symbiont strains. 
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3.3 Challenges and caveats in detection of diazotrophs 

The oceans are vast, and dilute, hence collection of materials is difficult, and 
like many bacteria, not all cyanobacterial diazotrophs (e.g. Richelia, UCYN-
A) have been maintained in long-term culture. Some marine diazotrophs, e.g. 
Trichodesmium, Crocosphaera, Cyanothece and some proteobacterial strains 
have been isolated and are available for lab-based studies (Boström et al., 
2007; Farnelid et al., 2014; Prufert-Bebout et al., 1993; Reddy et al., 1993; 
Webb et al., 2009). The DDAs have historically been difficult to culture, and 
currently the Calothrix symbiont (Calothrix SC01) is the only symbiont 
successfully isolated and subsequently maintained in culture, although 
without its diatom host (Foster et al., 2010). However, short-term 
enrichments have been successful for the Rhizosolenia-Richelia symbiosis 
(Villareal, 1989, 1990).  

Experiments and collection of cells for the uncultivated diazotrophs 
has to be largely done in the field, where detection is the first key step. To 
date, the most common method of detecting and estimating abundances of 
marine diazotrophs has been qPCR, and to some extent also epi-fluorescence 
microscopy (Luo et al., 2012). However, both approaches have their 
challenges in application. For example oligonucleotide specificity, potential 
cross-hybridization, DNA extraction efficiency, multiple gene copy number 
and possible polyploidy are all factors influencing qPCR. The currently used 
nifH oligonucleotides were designed over a decade ago with a comparatively 
smaller database of sequences. This directly impacts our detection of the 
diversity.   

Microscopy is limited to cells with a distinct morphological identity, 
and with epi-fluorescence applications a known excitation wavelength. For 
example, it is not possible to identify the heterotrophic diazotrophs by 
microscopy since they look like any other bacteria. A second example is 
UCYN-A, which do not possess the typical auto-fluorescence of 
cyanobacterial phycobiliproteins that is usually used to distinguish them with 
an epi-fluorescence microscope. Hence, UCYN-A require qPCR or 16S 
rRNA fluorescent oligonucleotides and Fluorescence In situ Hybridization 
(FISH) assays for identification, which is not easily implemented in the field. 

Moreover, detecting any planktonic population by use of either 
qPCR or microscopy is challenging due to the natural heterogeneity of the 
water column. Plankton is notoriously patchy and may vary on scales small 
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enough to affect assumed homogeneity within sample collection (niskin) 
bottles. It is also possible that settling of material within the niskin happens 
during the sampling procedure. Lastly, diazotrophs living in symbioses, 
attached, or colonially are also challenging to collect without compromising 
the cell integrity. Hence, qPCR has been extensively applied (Luo et al., 
2012) and proven to be a great tool for rapid detection of marine diazotrophs, 
and can even be applied at sea (Robidart et al., 2014; Paper I).  

Microarrays are a great tool for measuring gene transcription, which 
could be an indirect proxy for cellular activity. However, gene expression is 
not related to metabolic activity. Furthermore, some cellular processes like 
photosynthesis, cell division and N2 fixation are delayed compared to peak 
expression levels of involved genes (Chen et al., 1998; Shi et al., 2010). 
Moreover, metabolic pathways require a suite of genes to be expressed, often 
in sequence, before the protein or process is active. Thus, despite 
technological improvements in sampling and detection of open ocean 
diazotrophs, their abundances and activity are still difficult to accurately 
quantify. 
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3.4 Statistics as powerful tools of investigation 

To further our understanding of diazotrophs in a larger context (e.g. global 
and regional scales), newly refined multivariate statistical tools were applied 
on the quantitative data (abundances and gene expression levels). For 
example, a weighted meta-analysis (Koricheva et al., 2013) allowed us to 
compare distribution patterns both within and between ocean basins. 
Moreover, a piecewise Structural Equation Model (pSEM) (Lefcheck, 2016) 
was fitted to the qPCR datasets and measurements of environmental 
parameters to predict the influence, including causality, of up to 25 biotic 
and abiotic parameters simultaneously. The concepts and ideas behind 
multivariate statistics are not new, but as the statistical methodology 
developed throughout the 20th century, calculations and plotting was limited 
by computational power (or the lack thereof). Thus, as our potential 
explanatory output and interpretation of data grows increasingly 
sophisticated, the philosophy behind many statistical tests (e.g. correlations) 
is still up for debate. For example, ’correlation does not imply causation’ is a 
frequently used statement related to many statistical analyses, but recent 
multivariate models challenge this paradigm. 

One statistical tool used in this thesis (Paper II, IV) is, as 
mentioned, the pSEM. Was developed by Lefcheck (2016) based on 
previous SEMs by e.g. Grace (2006). Its application within the field of 
marine ecology has just begun to be explored (Austin et al., 2017; Duffy et 
al., 2015; Lefcheck, 2016; Lefcheck and Duffy, 2015), and the potential for 
modeling complex interactions within dynamic marine ecosystems is great. 
The idea behind pSEM is the possibility to model several different models 
(e.g. linear and generalized linear) in a piecewise manner as a single model. 
Thus, the pSEM can be modified based on the data to be fitted. Lefcheck 
(2016) argues, as have others, that correlation does imply causation, but the 
directionality of that correlation is unresolved. One can argue that this may 
never be true unless we are dealing with simple and closed systems with 
much background information. However, pSEM is not only a predictive tool, 
but also useful for generating new testable hypotheses. By constructing a 
framework (based on previous knowledge) of possible and probable 
interactions between parameters in the system we can analyze the parameter 
effects and explore the possibilities of missing interactions (based on 
statistical significance). With this statistical information, coupled with 
previous knowledge, we can start to form a new understanding of the system 
and generate testable hypotheses. For example, unexplained direct positive 



 57 

 

effects between the DDA symbionts were observed (Paper II and IV), and 
this interaction could be further explored (to investigate causes). 
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4 Results and discussion 
Field observations and detections of diazotrophs based on direct 
measurements are essential for understanding diazotroph ecology and to 
improve model predictions for their contributions to marine biogeochemical 
cycles. Many studies in the past decade have expanded our knowledge of the 
distribution of marine diazotrophs (e.g. Bombar et al., 2011; Bonnet et al., 
2015, p.215; Goebel et al., 2010; Harding et al., 2018; Langlois et al., 2012; 
Moisander et al., 2010; Mulholland et al., 2019; Paper I, II). Furthermore, 
others have highlighted that this kind of distribution data is still lacking for 
our greater understanding of marine biogeochemical cycles and the 
diazotrophs’ role in them (Landolfi et al., 2018; Luo et al., 2012). However, 
simply knowing distribution and abundance of marine diazotrophs does not 
inform whether they are active and significantly contributing to regional and 
global N budgets.  

Recent efforts on quantifying the expression levels of functional genes 
related to diazotrophy (Harke et al., 2019; Robidart et al., 2018; Shilova et 
al., 2014, 2016); Paper IV) has increased our understanding of the complex 
cellular response to the ambient environment required for N2 fixation. This 
thesis has contributed to describing how regional environmental conditions 
govern the diazotroph abundances, distribution and activity (estimated by 
gene expression). 
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4.1 Spatial and vertical detections of diazotrophs 

One of the major contributions of this thesis was sampling and reporting of 
diazotrophs in regions not commonly sampled. The WTSP is one such 
region (Bonnet et al., 2009; Moisander et al., 2010; Paper I). Previous 
observations in the region have attributed most of the diazotrophy to 
Trichodesmium spp. (Dupouy et al., 2011), UCYN-A and to a lesser extent 
UCYN-B (Moisander et al., 2010). The DDA symbionts have been less 
reported in the WTSP. In fact, the het-3 had never been quantified prior to 
our work. In our study in the WTSP, eight diazotrophs (het-1, het-2, het-3, 
UCYN-A1, UCYN-A2, UCYN-B, UCYN-C and Trichodesmium spp.) and 
the two UCYN-A hosts (UCYN-A1 and A2 hosts) (Paper I) were quantified 
by qPCR. Despite obvious difficulties in applying qPCR in the field, like a 
moving vessel and the high risk for contaminations, we successfully 
extracted DNA for application of a shipboard qPCR on the four unicellular 
diazotroph strains (UCYN-A1, UCYN-A2, UCYN-B, and UCYN-C). The 
abundances were estimated within three hours after sample collection and 
allowed informed decisions for sampling, such as which depths to sample for 
incubation experiments.  

The distribution and abundance patterns were similar to earlier work 
showing Trichodesmium spp. (Dupouy et al., 2011) as the overall dominant 
diazotroph, followed by UCYN-B (Moisander et al., 2010). However, unlike 
earlier studies that reported UCYN-A as one of the most dominant 
diazotroph (Farnelid et al., 2016; Moisander et al., 2010), we found both 
strains to be largely undetected (63 and 79 of 120 samples, respectively). 
The DDA symbionts often co-occurred and were all reported for the first 
time in the WTSP. The het-1 was the most abundant followed by het-2 and 
het-3. Congruent with other studies on marine pelagic diazotrophs (Chen et 
al., 2019; Messer et al., 2015; Moisander et al., 2010), correlation and 
multivariate redundancy analyses (RDA), identified temperature as the most 
important environmental parameter driving diazotroph abundance and 
distribution. In fact, our statistical analyses showed that both temperature 
and depth separated the diazotrophs into two groups: 1) a deep-dwelling 
group (UCYN-A with their hosts: > 50m) and 2) a surface-dwelling group 
(Trichodesmium spp, het-groups and UCYN-B: < 50 m) (Fig. 9). The clear 
vertical separation of the UCYN-A suggests that conditions favoring UCYN-
A (and its partner) are different from the other diazotrophs. It was interesting 
and unexpected given the diverse life histories (e.g. symbiotic, free-living 
and colonial) within the surface-dwelling group that these would form a 
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robust group. Thus, many of the other measured environmental parameters 
(e.g. nutrients) did not seem to influence the abundance of the diazotrophs 
differently in the open ocean of the WTSP. 

The results in the WTSP were combined with 11 additional qPCR 
studies (four ocean basins) to further investigate environmental influence on 
diazotroph abundances in the world’s oceans. Here, a weighted meta-
analysis was applied (Paper I). Again, temperature was a major 
environmental parameter governing diazotroph abundance. The one 
exception was UCYN-A. This result makes sense in light of recent and 
previous detections of UCYN-A in cooler waters (Harding et al., 2018; 
Mulholland et al., 2019; Needoba et al., 2007) and the prevalence of UCYN-
A in cooler waters at depth in the tropics and subtropics (Moisander et al., 
2010; Paper I). Our work contributes evidence of UCYN-A as a 
cosmopolitan and important marine diazotroph, and also expands the marine 
waters where N2 fixation can occur. The analyses in the larger dataset also 
highlighted the global dominance of Trichodesmium spp. with only a couple 
of regional exceptions, e.g. het-2 in the WTNA (Foster et al., 2007) and the 
UCYN-A in the North Atlantic (Goebel et al., 2010). 
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Figure 10. Hierarchical cluster analysis based on spearman's rank correlations identified two 

separate groups (brackets) with different environmental parameters. The colors signify the 

strength of the correlation, either positive (green) or negative (blue). The asterisks mark 

significant correlations (p < 0.05). The figure is reproduced from Stenegren et al. (2018) 

(Paper I) under the CC BY 3.0 license (https://creativecommons.org/licenses/by/3.0/). 
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In light of potential cross-hybridization in qPCR assays we also 
conducted experiments with the assays that target the most closely related 
strains (DDA symbiont strains and UCYN-A1 and A2) using different cycle 
modes (fast vs. slow) on the qPCR instrument. Similar to earlier works 
(Foster et al., 2007; Thompson et al., 2014) we found cross-hybridization 
between the assays. We encountered cross-hybridization between het-1 and 
het-2 (both modes) if the two strains (based on standard concentrations) 
should co-occur at abundances > 105 nifH copies L-1, which have rarely been 
observed in the environment. The UCYN-A1 and A2 strains, despite 
following suggestions to increase annealing temperature (Thompson et al., 
2014), cross-hybridizations were encountered at all standard concentrations 
when run in fast mode. Moreover, only increased cycle time (slow mode) 
coupled with an increased annealing temperature negated cross-hybridization. 
Hence, there is a possibility that studies using the UCYN-A1 and A2 
oligonucleotides that do not increase annealing temperature and cycle time, 
will overestimate the abundance of UCYN-A1 and A2 strains. Moreover, we 
did not perform cross-hybridization tests against newly discovered strains, 
e.g. the UCYN-A (3-6), however, they have been proposed to occupy 
different ecological niches (Turk-Kubo et al., 2017). Abundance is often 
seen as indicative of significance, and therefore caution is advised when 
interpreting qPCR data. 
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4.2 Applying piecewise SEM on two DDA symbiont strains 

Simple correlations cannot determine the possible environmental cause for 
the subtle differences in distributions between populations, e.g. the DDA 
symbiont strains. Applying the multivariate pSEM to qPCR datasets of het-1 
and het-2 generated in the WTNA (Paper II) we could start to understand 
how the environment interacts with the biology (Fig. 11). Blooms of DDAs, 
e.g. Hemiaulus-Richelia (het-2), are consistently and seasonally observed in 
the WTNA (Foster et al., 2007; Subramaniam et al., 2008), so we 
hypothesized that the Amazon River (AR) plume would have a significant 
impact in shaping DDA occurrences and abundances. We found impacts of 
the river plume on the het-2, which was mediated directly and indirectly by 
turbidity. For example, fluorescence had an indirect negative effect on het-2 
mediated through a positive effect on turbidity (and turbidity was negatively 
and directly affecting het-2) (Fig. 11). This estimate effect is visualized by 
the following example: 

 

Fluorescence              Turbidity                Het-2 

 

The pSEM also identified that both salinity and DIP had direct positive 
influence on het-1 abundance, while salinity was indirectly negative on het-2. 
These results are also consistent with observations of het-2 at intermediate 
salinities (Foster et al., 2007, 2009; Paper II) and the dominance of het-1 in 
oceanic salinities (> 36 PSU) like the WTSP (Paper I) and North Pacific 
gyre (Church et al., 2005; Mague et al., 1974; Venrick, 1974). In paper III, 
we also found that the draft genome of het-1 (RintRC01) had more genes 
related to P uptake and DOP hydrolysis than the draft genome of het-2 
(RintHH01) (Fig. 6), which could also drive a niche separation between the 
two closely related symbiont strains. A similar scenario has been reported 
for Trichodesmium spp. and UCYN-B, although these are not 
phylogenetically similar (Dyhrman et al., 2006). 

Building upon the pSEM framework from the WTNA we 
subsequently applied an expanded model on qPCR data from the SCS and 
the Mekong river plume (Paper IV). Since the freshwater discharge of the 
Mekong River was at a record low at the time of sampling (Nguyen, 2017), 
parameters directly related to the river plume (e.g. nutrients and turbidity) 
were expected to have minimal impact on the diazotrophs. This is in contrast 
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to the conditions in the WTNA and AR plume, and as expected we found 
contrasting environmental impacts in our pSEM output. None of the 
environmental parameters associated with the river plume (e.g. DIP, DIN, 
beam transmission) had an effect on the DDA symbionts, while depth and 
salinity both had a negative impact. This is congruent with the observations 
in the open ocean of the WTSP (Paper I). Similar to the pSEM results from 
the WTNA (Paper II), interactions between the DDA symbionts were 
positive and direct. Thus, there is a re-occurring strong positive interaction 
amongst the DDA symbionts, which could shift based on abundance. 

 

Figure 11. Part of the pSEM showing the environmental parameter effects on the DDA 

symbiont strains during the 2010 cruise in the WTNA. Note that only the closest indirect 

effects on the DDA symbionts are shown. The arrows represent the direction of effect, either 

positive (green) or negative (red), and the values assigned to each arrow is the strength of 

the effect. The values in parentheses are the indirect effect on either DDA symbiont strain. 

The figure is reproduced from Stenegren et al. (2017) (Paper II) under the CC BY 4.0 license 

(https://creativecommons.org/licenses/by/4.0/). 
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4.3 Detection discrepancies of the UCYN-A symbioses 

In the WTSP, one of our results was particularly interesting in light of the 
high host fidelity reported for UCYN-A and its prymnesiophyte host 
(Cabello et al., 2016; Cornejo-Castillo et al., 2016; Farnelid et al., 2016). 
There are currently three strains of UCYN-A known to be in symbiosis with 
a eukaryote host, and two of these have specifically designed 
oligonucleotides for both the symbiont and host (Thompson et al., 2014; 
Paper I). Thus, the UCYN-A strains and their respective hosts can be 
quantified in parallel. Previous studies have suggested a high host 
dependency and selectivity (Cabello et al., 2016; Cornejo-Castillo et al., 
2016; Farnelid et al., 2016), due to the loss of PSII, TCA cycle, and several 
amino acids and purines (Tripp et al., 2010) rendering it dependent and/or an 
obligate symbiont. Interestingly, our qPCR data revealed several samples 
with detections of the UCYN-A symbiont without its proposed host, while 
the UCYN-A hosts were always detected in samples with the highest 
abundances of the UCYN-A (Fig. 12). This suggests a higher obligateness 
for the prymnesiophyte host. However, since qPCR is based on a specific set 
of oligonucleotides, we could be missing a greater diversity of UCYN-A 
hosts. 

Despite the discrepancy in detections of the UCYN-A strains (A1 
and A2) and their hosts, they still significantly correlated with each other, 
and showed the same patterns of correlations with environmental parameters 
(e.g. negatively with temperature and PAR). However, using RDA the O2 
concentration and fluorescence in the ambient water separated the symbionts 
and the hosts. Interestingly, the abundance of UCYN-A strains was more 
positively affected by both O2 and fluorescence than their proposed hosts. 
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Figure 12. Detections of the UCYN-A1 strain (LOG nifH genes L
-1

) and its proposed host (LOG 

18S rRNA genes L
-1

) throughout the OUTPACE cruise. Each dot in the depth plot is one 

sampling point. The black boxes highlight the distribution disparities, and the red circles are 

the samples with highest detections of UCYN-A1. The figure is modified from Stenegren et al. 

(2018) (Paper I). 
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4.4 Comparing DDA and UCYN-A symbioses 

Despite the DDAs being first described more than a century ago 
(Lemmermann, 1905), comparably less is known about these important 
symbioses. Moreover, in Paper III we highlighted a disparity in research 
attention where the DDAs are less assayed by qPCR than the other open 
ocean cyanobacterial diazotrophs. UCYN-A on the other hand was more 
recently discovered (Zehr et al., 1998), and has received more attention. 
When reviewing 46 qPCR nifH studies, we found that all three DDAs were 
simultaneously quantified in less than 30 % of the studies, and at most, het-1 
was quantified in ca 50 % of the studies. UCYN-A was quantified in 96 % of 
the studies. Moreover, in five studies the DDAs were only quantified in a 
subset of the samples collected. Estimating the regional and global 
significance of a population is often coupled with its abundances. For 
example, biogeochemical models rely on observations and reports of 
abundances. Thus, the importance of these widespread DDAs has been 
largely overlooked, especially considering that regional N2 fixation rates by 
the DDAs (0.19-0.62 T mol N yr-1) (Foster et al., 2011) are similar to 
Trichodesmium spp. (0.36-0.71 T mol N yr-1), which is largely considered as 
the main N2 fixer (Capone et al., 2008). In summary, the cumulative 
disparity in attention has resulted in an undersampling and poorer 
understanding of DDAs, their distributions, and their impact on 
biogeochemical cycles. 

Although DDAs and the UCYN-A symbioses have a similar 
function and N2 fixation strategy, there are still significant differences in the 
genome sizes and contents between the UCYN-A and DDA symbionts (Fig. 
13). Furthermore, there are also differences within the strains (Bombar et al., 
2014) that for the DDA symbionts is directly related to their cellular location 
(Hilton et al., 2013). For example, we identified that both RintHH01 (het-2) 
and the UCYN-A, normalized to their smaller genome sizes, retain more 
genes related to N2 fixation than do the partially integrated symbiont 
(RintRC01, het-1). 
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Figure 13. Comparisons of genome content for selected pathways between the DDA 

symbionts and the UCYN-A symbionts (A1 and A2). The number of genes are normalized to 

the respective genome size. Reproduced from Caputo et al. (2018) (Paper III) under the CC 

BY 4.0 license (https://creativecommons.org/licenses/by/4.0/). 
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4.5 Gene expression levels of the DDA symbionts 

Building on the genome comparisons of the DDA symbionts we designed a 
DDA symbiont specific microarray to investigate in situ gene expression 
levels (Paper IV). Given the differences in genome content, associated hosts, 
and symbiont cellular location (external, internal), we expected to see 
differences in gene expression levels. Our microarray study was specifically 
aimed at investigating gene expression levels as a function of 1) time 
(dark/light), and 2) in a range of in situ environmental conditions (e.g. 
temperature, depth, and dissolved nutrients) of the SCS. The co-occurrence 
of all three DDA symbionts in this region enabled us to additionally measure 
their co-occurring gene expression patterns. 

The level and pattern of gene expression differed between the DDA 
symbionts. For example, RintRC01 (het-1) had the highest detection (60 %), 
likely related to its higher abundances, and the PS I gene (psaA) was the 
most highly expressed gene. The RintHH01 (het-2) devoted a higher relative 
transcriptional capacity to N2 fixation, while genes related to P and K 
transport were highly expressed by the least abundant CalSC01 (het-3). 

Non-metric multidimensional scaling (nMDS) and subsequent 
Adonis analyses found temperature and fluorescence to be the main drivers 
of gene expression levels for the DDA symbionts. The fluorescence sensor 
on the CTD measures chlorophyll fluorescence and is an indirect measure of 
phytoplankton. Temperature is a well-known driver of diazotroph abundance 
and distribution, but fluorescence is more surprising, since it was either 
negatively or non-significantly correlated with DDA symbiont abundance in 
the WTSP (Paper I). Fluorescence also emerged as a strong predictor of 
gene expression levels of Richelia in samples from the WTNA and AR 
plume (Foster et al. in prep). Furthermore, when investigating the nifH 
gene expression for all symbiont strains, expression levels were temporally 
separated (except for one early morning sample) (Fig. 14), where the highest 
expression levels of nifH were during the dark period. The higher nifH 
expression level during the dark period is congruent with results reported on 
RintRC01 (het-1) nifH expression by Harke et al. (2019) in the NEP. When 
comparing the environmental impacts on individual strains gene expression 
patterns, RintHH01 deviated from the two other strains by being 
significantly (p < 0.05) influenced by salinity and O2 concentration. Salinity 
has been shown to distribute diazotrophs along a gradient in e.g. the AR 
influenced WTNA (Foster et al., 2007; Paper II), but its impact on gene 
expression is unclear. The effect of O2 on RintHH01 could be related to the 
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internal location within its host, or a subsequent transcriptional response 
following a larger relative investment into the O2 sensitive nitrogenase (Eady 
and Leigh, 1994). 

 

 

Figure 14. Time separated nifH gene expression levels by nMDS. The circles represent the 

samples in a multi-dimensional space, where yellow circles are day time samples (09:00-

12:20) and black circles are night time samples (00:20-02:30). The circle colored brown was 

sampled later than all other samples (03:20). The number next to each circle signifies the 

station where the sample was collected. 
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5 Conclusions 
The DDAs are an important part of the microbial and diazotrophic 
community in the open ocean, and contribute significantly to 
biogeochemical cycles like C and N. Despite their importance, comparably 
little research has been conducted on the DDAs since they were first 
described. The disparity in attention was highlighted in this thesis. This 
thesis also attempted to increase our knowledge on their distributions, 
abundances and activity (by gene expression levels) in relation to ambient 
environmental conditions.  

Comparisons between free-living and symbiotic N2 fixing 
cyanobacteria abundance were also included, and revealed several complex 
networks of interactions amongst cyanobacterial diazotrophs. Overall, we 
found that the distributions of cyanobacterial diazotrophs in the oligotrophic 
open ocean (WTSP) are largely constrained by temperature while in regions 
influenced by rivers (SCS, WTNA) parameters related to freshwater river 
discharge (turbidity, salinity and nutrients) drive niche separations. Our 
results were surprising in light of how closely related some strains are and 
how different the populations are in life history and genomic content.  

The DDA symbiont specific microarray identified in situ expression 
patterns and highlighted how the strains responded to their ambient 
environment. Overall patterns of gene expression were highly variable and 
symbiont strain specific. These results highlight that the symbionts are under 
a varying influence of the respective host partners dictated by their cellular 
location. Collectively, the results of this thesis further our understanding of 
how the environment shapes the abundances and activities of open ocean 
cyanobacterial diazotrophs, and highlights the need for further research on 
diazotroph ecology. 
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6 Future perspectives  
The last few decades have seen great improvements in the methodology (e.g. 
single cell, next generation sequencing) and in situ tools (e.g. robotics, 
remotely operated vehicles) applied to the study of marine microbes. Results 
of recent studies using these new tools have dramatically shifted canonical 
views of marine diazotrophs and the marine N cycle. Still, much effort 
remains to map and understand the ecology, activity and distribution of 
marine pelagic diazotrophs within the complex N cycle. Furthermore, with 
the environment and climate currently changing at an unprecedented rate 
(Solomon et al., 2007), it is imperative that we improve our understanding of 
how the environment impacts the key microorganisms mediating the 
biogeochemical cycles, e.g. diazotrophs. Thus, we would be better equipped 
to model and predict the future climate impacts on the open ocean 
diazotrophic community. 

6.1 Diazotrophs in future ocean conditions 

In the face of climate change, the global ocean is predicted to increase in 
surface temperature (Hansen et al., 2006), and decrease in pH (Caldeira and 
Wickett, 2003; Wolf‐Gladrow et al., 1999), as the ocean absorbs more heat 
and CO2 from the atmosphere. Since many of the microbes, diazotrophs 
included, have been shown to have relatively narrow ranges of temperature 
for optimal growth, and an upper temperature limit (Breitbarth et al., 2007; 
Falcón et al., 2005; Langlois et al., 2005; Mazard et al., 2004), an increase in 
temperature in the tropical and subtropical belt could quickly reshape the 
diazotrophic community and their activity (Boyd and Doney, 2002; 
Breitbarth et al., 2007). Moreover, previous studies have showed variable 
responses to an increase in dissolved CO2 concentration among the 
diazotrophs (Böttjer et al., 2014; Hutchins et al., 2013). Therefore, some 
species and strains might be favored over others as dissolved CO2 
concentration increases, leading to a shift in the diazotrophic community. 
Interestingly, the earliest appearance of DDAs was in the mid-cretaceous 
period (120-80 Myr ago), a time when atmospheric CO2 concentrations were 
higher than today (Bauersachs et al., 2010; Caputo et al., 2019; Kashiyama 
et al., 2008; Sachs and Repeta, 1999). Hence, one might expect these 
populations to be favored in future climate scenarios. However, how modern 
day DDAs would respond to increased temperature and CO2 concentrations 
remains an open question. 
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In the meta-analysis of Paper I, the DDAs (except for het-3) most 
often had a strong significant and positive correlation with Trichodesmium 
spp. Thus, it is likely that the DDAs in general will be similarly impacted as 
Trichodesmium spp., when ocean surface temperature increases. However, 
Crocosphaera have a higher optimal temperature for growth than e.g. 
Trichodesmium (Fu et al., 2014; Moisander et al., 2010), suggesting that 
Crocosphaera could be favored by increased temperature (Boatman et al., 
2017; Fu et al., 2014). Although, many marine pelagic diazotrophs are found 
in environments outside their optimal temperature for growth, it is not well 
known how their N2 fixation rates are affected at elevated temperatures 
(Breitbarth et al., 2007; Fu et al., 2014). In this regard, no studies have been 
made on the DDAs. Given the DDAs’ importance for fueling the biological 
pump and the drawdown of CO2 from the atmosphere (Karl et al., 2012), it is 
crucial that we better understand how future open ocean conditions will 
affect them. 
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6.2 Field observations and modeling environmental 

constraints 

Most attempts at modelling marine N2 fixation and the marine N budget 
assume that all diazotrophs are equally influenced by the same 
environmental parameters (Deutsch et al., 2007; Landolfi et al., 2015). 
Hence, the call for more observations and a better understanding of the 
ecology of the marine pelagic diazotrophs by Landolfi et al. (2018) is a valid 
request. Many cruises have historically been regionally and seasonally 
limited. However, the recent shift in the canonical paradigm that pelagic 
diazotrophs are not restricted to the tropical and subtropical belt (Bentzon-
Tilia et al., 2015; Harding et al., 2018; Mulholland et al., 2019; Shiozaki et 
al., 2018) highlights the need for more measurements in other oceanic 
regions and in different seasons.  

Recent technological advances have allowed oceanographers to 
apply seagoing robotics, such as environmental sample processors (ESPs), 
fitted with highly specific gene based assays for detecting microbial 
populations, including diazotrophs (Ottesen et al., 2013; Preston et al., 2011; 
Robidart et al., 2014). Using these autonomous sampling approaches, it is 
possible to acquire a more comprehensive picture, with a higher 
spatiotemporal resolution. Thus, the development of advanced autonomous 
robotics fitted with custom seagoing tools could greatly increase data 
collection of marine microbes, both in terms distribution/abundance and 
transcription/activity. 

  



 75 

 

 



 76 

 

Figure 15. Global map of the Tara Oceans cruise track (2009-2013). Each label represents 

one station and the blue areas signify OMZs. Image reproduced from Pesant et al. (2015) 

under the CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/). 

 

Lastly, an increasing amount of new sequence and image data generated 
from pan global surveys (GOS, Tara, Malaspina) (Fig. 15) has become 
available in online databases. This new information greatly opens up the 
possibilities for more specific and sophisticated modeling. Studies using 
these resources have begun to unravel the greater distribution and diversity 
of marine microbes, diazotrophs included (Caputo et al., 2019; Cornejo-
Castillo, 2017). Collectively this information and knowledge could lead to a 
better understanding of diazotroph ecology as a whole, and subsequently 
make it easier to target and study these microbes in the field, regardless of 
their abundances. However, the unquantified disparity reported in Paper III, 
should be considered in future studies since it highlights an 
underrepresentation of all populations, the DDAs in particular. Together, the 
generation of data in undersampled regions of the world’s oceans coupled 
with autonomous robotics and the continuous input of new data to open 
source online databases holds promise for providing the necessary input data 
for better predictive modeling. Improvements in model predictions of marine 
N2 fixation will also help field campaigns to select appropriate study sites. 
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6.3 More reliable detections of diazotrophs 

As demonstrated in Paper I, there are a number of caveats to the qPCR 
method that are difficult to address. The most obvious one concerns the 
matter of cross-hybridization of the nifH oligonucleotides between the 
closely related diazotroph strains. Other genes have been successfully 
applied in newly designed qPCR assays for the DDA symbiont strains with 
no cross-hybridizations (e.g. exbB, pstS, rnpB) (Ley, 2019). However, some 
genes are more/less common and broadly distributed, and perhaps not well 
inventoried in the databases. Thus, it is difficult to properly test for cross-
hybridization against the wider microbial community. Therefore, the 
preferred genes should be specific, and in terms of distinguishing between 
closely related strains, less conserved. For the DDA symbionts, the hetR 
gene could be one option, since it had a greater nucleotide sequence (83.8%) 
divergence amongst the strains than nifH (91.1%) (Foster and Zehr, 2006). 
Moreover, based on the rigorous cross-hybridization tests when designing 
the microarray, both nifK and nifE also appear as candidate genes for 
distinguishing the DDA symbiont strains. Another challenge to more reliable 
estimates of a particular population (e.g. by qPCR) is related to the natural 
environmental heterogeneity in samples. The heterogeneity within e.g. a 
niskin bottle could be decreased by filtering the entire content or by mixing 
the sample water prior to sampling. However, this is logistically difficult in 
the field. Alternatively, sequential sampling from a niskin bottle (sample 1-
4) then subsequent assaying could determine the extent of heterogeneity. 
Quantitative PCR assays do not distinguish environmental DNA or DNA 
from dead cells, and also assumes extraction efficiencies are sufficient. A 
spike-in control could be used to evaluate DNA extraction efficiencies 
(O’Connell et al., 2017). Currently, the method of quantifying diazotrophs 
risks both over and underestimation, which influences our current 
understanding of their distributions and importance. Method development 
will be an important aspect for understanding the role of diazotrophs in the 
global ocean cycle.  
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6.4 Hypotheses generated by pSEM 

Increasing knowledge of a system, together with larger datasets including 
more biotic and abiotic environmental parameters, would allow us to model 
complex cascading effects within an ecosystem. Subsequently, it would open 
up the possibility to identify novel and testable interactions within a given 
system. The environmental parameter input to the pSEM is largely restricted 
to the traditional oceanographic parameters regularly sampled or measured 
e.g. by the CTD. Thus, it is possible that a wider range of environmental 
parameters included in the model could help explain some of the observed 
patterns and interactions of the diazotrophs. An extended list of biotic 
environmental parameters, including pigments (e.g. diatoxanthin and 
fucoxanthin), was investigated with pSEM in the SCS qPCR nifH datasets, 
and revealed direct influences of pigment concentrations on some of the 
diazotrophs (Fig. 16). These interactions could be interpreted as proxies for 
other co-occurring phytoplankton, but at the moment no greater 
interpretation of these results has been made. The pSEM generated many 
new testable hypotheses. Assuming the eventual isolation of the DDAs, 
several parameters highlighted in the pSEM as significantly influencing 
abundance or gene expression (salinity, P, etc.), could be tested 
experimentally. Additionally, these pSEM analyses also demonstrated the 
importance of the other diazotrophs and the direct positive effects they have 
on each other (Fig. 15). One such example is the UCYN-C and the het-3, 
which could be grown together in a perturbation experiment with differing 
inputs (e.g. nutrients), while abundances, cell integrity and gene expression 
levels could be measured. 

  



 79 

 

 

 

Figure 16. The complete pSEM output of qPCR and environmental data from the Mekong 

river plume and the SCS. The network is structured with the strongest predictor parameters 

on the top and cascading down in strength. Green arrows are positive effects and red arrows 

are negative effects, and the arrow thickness signifies the strength of the effect. The ellipses 

are color coded based on input group (green=pigments, orange=diazotrophs, 

purple=nutrients and blue=abiotic parameters). The following abbreviations apply: perid: 

peridinin, fuco: fucoxanthin, zea: zeaxanthin, diato: diatoxanthin, diadino: diadinoxanthin, 

Chl a: chlorophyll a, Chl b: chlorophyll b, Chl c: chlorophyll c, beam.trans: beam transmission, 

PAR: photosynthetically active radiation, cond: conductivity, sal: salinity, temp: temperature, 

O2 sat: O2 saturation, tricho: Trichodesmium. 
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6.5 Symbiont-host interactions and host control 

As demonstrated in Paper I there were discrepancies in the detections of 
UCYN-A and their proposed hosts. All possible qPCR caveats aside, this 
raised the question on UCYN-A host specificity. Similarly, oligonucleotides 
could be designed for the host of the DDAs to investigate the coupling of the 
DDA symbiont and their respective hosts as we showed with the UCYN-A 
symbioses (Paper I). Furthermore, several of the highly expressed genes 
identified in the microarray (nifH, psaA, groEL, psbO) could be used for 
designing gene-fluorescence in situ hybridization (gene-FISH) in order to 
identify (in a single cell) how the symbiont gene expression responds in situ. 
Double gene-FISH assays that target genes of both partners would be an 
invaluable approach to studying the partner interactions. 

A very open and obvious question remains as to how much the host 
controls the symbiont growth and activity. Earlier work has suggested that 
the symbionts are more highly active in the symbiotic state than living freely 
(Foster et al., 2011). In addition, eukaryotic inhibitor studies on wild DDA 
populations measured reduced N2 and C fixation when inhibiting the host 
(Foster et al. in prep). Using the microarray of Paper IV we also identified 
strong proxies for the host impact on DDA symbiont gene expression levels. 
Ultimately two steps in properly addressing the host-symbiont interactions of 
DDAs involve closing the draft genomes of the DDA symbionts and fully 
sequencing the host diatom genomes. Having both partner genomes also 
allows for a deeper investigation into which genes, if any, have been 
transferred between partners. Endosymbiont gene transfer (EGT) is common 
in other symbioses (Nowack et al., 2008, 2016; Yurchenko et al., 2018). 

After genome sequencing of both partners, subsequent investigations 
could include application of environmental transcriptomic studies (e.g. RNA 
seq) or the development of a host-symbiont specific microarray. Both can be 
applied to whole water and include experiments with eukaryotic inhibitors. 
Thus, both partner gene expression patterns can be studied, and additionally 
the results from the latter experiment could address the amount of control 
that the host asserts over its symbiont gene expression. A recent RNA seq 
study was successful for studying the Rhizosolenia-Richelia symbioses in the 
North Pacific gyre, however it required filtering of ca 10 L per sample for 
successful application (Harke et al., 2019). 
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