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Abstract

Di-nitrogen (N2) fixation plays a crucial role in oceanic carbon and nitrogen cycles and is
important for marine biogeochemistry on regional and global scales. N>-fixing (diazotrophs)
cyanobacteria are considered to contribute the most to marine nitrogen fixation, and thereby
fuel the surrounding phytoplankton communities with bioavailable ammonia. Distribution and
activity of phytoplankton, including diazotrophs, are largely driven by environmental
conditions and temperature is often considered the main influence. A greater understanding of
the environmental conditions that govern the diazotrophs, is vital to accurate predictions and
estimations for the marine nitrogen budget, as well as understanding their impact on the

nitrogen and carbon cycles.

Therefore, the primary aim of this thesis was to determine abundances and distribution
patterns for various cyanobacterial diazotrophs in two different regions that in spite of their
hydrological differences are prime regions for diazotrophy. Moreover, we attempted to

identify the environmental conditions that govern cyanobacterial diazotrophs abundance.

In the first study we observed a clear separation of the unicellular diazotroph UCY N-
A from the other diazotrophs, including the other unicellular types (UCYN-B, UCYN-C) in
the Western Tropical South Pacific. The main driver of the vertical distribution of diazotrophs
was based on a temperature-depth gradient, which was similar to the findings of our meta-
analysis which included 11 additional datasets. Using newly and previously designed primers
and probe sets for the UCYN-AL and A2 hosts, we also observed discrepancies in detection
and abundance for the two UCYN-A symbiotic strains (Al and A2) and their respective hosts,
which is in contrast to the current understanding of a highly specific and obligate partnership.
Lastly, cross-hybridization tests revealed that the gPCR assay targeting the UCYN-AZ2 strain

also enumerated UCYN-AL, demonstrating the difficulty in quantifying closely related strains.



In the second study we distinguished the environmental conditions favoring two
closely related heterocystous cyanobacterial strains of Richelia intracellularis (het-1 and het-
2) which associate with two different diatom hosts (Rhizosolenia and Hemiaulus,
respectively) in the Western Tropical North Atlantic (WTNA). In general, the Amazon River
(AR) plume heavily influenced het-1 and het-2 abundances; higher densities were quantified
at stations with mesohaline sea surface salinities and maximum abundances were detected in
the sub-surface, below the freshwater discharge. However, maximum abundances at oceanic
sea surface salinity stations were observed nearer to the surface. A piecewise Structural
Equation Model (SEM) was developed and identified turbidity as an important factor
governing het-1 and het-2 abundance. In addition, het-1 and het-2 distribution pattern was
influenced by dissolved inorganic phosphorus (DIP) concentration and salinity. Het-1 tended
to penetrate deeper waters and was favored by increased salinity, while the opposite was true

for het-2.

The results of this thesis contribute to a better understanding of marine cyanobacterial
diazotrophs’ ecological niches and will prove useful in future predictions and research on

nitrogen fixation, and the role of cyanobacterial diazotrophs in marine biogeochemistry.
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1 Introduction

1.1 Marine N2 fixation

Marine di-nitrogen (N2) fixation, the reduction of N2 gas (which is approximately 78% of the
Earth’s atmosphere) into biologically available ammonia, is a major input of new nitrogen (N)
to the global oceanic N budget (Carpenter et al., 1999). N fixation is an energetically
demanding process, requiring 16 adenosine triphosphate (ATP) and provides two molecules
of bioavailable ammonia as seen in the following reaction (Howard and Rees, 1996; Sohm et

al., 2011; Thompson and Zehr, 2013):
N, + 8H" + 16ATP + 8¢~ — 2NH3 + Hy + 16ADP + 16P;

The reduction of N2 is made possible by a suite of nifH genes, which encode the nitrogenase
enzyme complex (Young, 2005; Zehr et al., 2008). Nitrogenase is comprised of two proteins
(iron and molybdenum-iron), both requiring iron, thus, diazotrophs have a high iron

requirement (Howard and Rees, 1996). Moreover, iron is often considered the major limiting

nutrient for N2 fixation (Chappell and Webb, 2010; Kustka et al., 2003; Raven, 1988).

N2 fixation mainly occurs in the photic zone, but recent studies have detected and
measured rates of N fixation also in deeper waters, including regions of oxygen minimum
zones (OMZs) (Bonnet et al., 2013; Fernandez et al., 2011; Halm et al., 2009). N fixation
acts as an important balance against N loss processes, e.g. denitrification and anaerobic
ammonia oxidation (anammox) (Carpenter and Price, 1977; Karl et al., 1997). However, the
marine N budget is largely imbalanced and some propose that N> fixation has been greatly
underestimated (Gruber and Sarmiento, 1997; Karl et al., 1997). Despite the uncertainties in
global N fixation estimates, it is well established that N fixation plays a crucial role in
fueling primary production, or the biological pump, which draws down carbon dioxide from

the atmosphere (Fig. 1) (Volk and Hoffert, 1985; Karl et al., 2012).
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Figure 1. A simple schematic (modified from Sohm et al. 2011) of the biological carbon pump. While being primed by
prokaryotic N, fixation it sequesters e.g. C to the ocean floor, therefore, N; fixation plays an important role in both the draw-
down of atmospheric C and fueling of planktonic communities.

Much of photosynthetically derived carbon (C) is directed further up the food chain by
grazing, while some is degraded and fuels the microbial loop (Sellner, 1997). However, a
small, but important fraction of C is sequestered to the deep ocean when the phytoplankton
senesce and sink. Thus, N2 fixation constitutes an important ‘new’ source of N that drives a
net C sequestration, since N fertilization from below the photic zone, by upwelling or
advection, is typically low and accompanied by C (Eppley and Peterson, 1979). Therefore,
increased N2 fixation strengthens the biological pump, which Karl and colleagues (2012)

recently termed the “N2-primed prokaryotic carbon pump”.

A recent estimate of pelagic N fixation vary from 0.6-56 Tg N yr? across ocean
basins (Table 1) with a global marine estimate of 137 (SE 9.2) Tg N yr* (Luo et al., 2012),
while Carpenter and colleagues (1999) estimated a 0.5 Tg N for a single bloom event of the
symbiotic heterocystous cyanobacteria, Richelia intracellularis, with diatom Hemiaulus
hauckii. Others have estimated that a single regional bloom event by one diazotroph equals

0.42 % of the annual terrestrial N2 fixation (Galloway et al., 2004). Thus N2 fixation is an



important process to study, and therefore the conditions which favor and/or constrain the

distribution and activity of diazotrophs is of interest.

Table 1. Nitrogen fixation across major ocean basins, modified from Luo et al., 2012. The values are calculated based on
previous studies on nitrogen fixation in these regions. Standard error (SE) is reported in parenthesis.

Region Area (x 102 m?) Nitrogen fixation (Tg N yr?)
North Atlantic Ocean 36 32 (7.4)

South Atlantic Ocean 27 1.8 (0.6)

North Pacific Ocean 89 56 (9.8)

South Pacific Ocean 72 46 (17)

Mediterranean Sea 2.5 0.6 (0.3)

1.2 Open ocean diazotrophs

Many of the diazotrophs in tropical and subtropical oceanic surface waters are cyanobacteria,
which vary greatly in cell diameter and life histories (Fig. 2). Often, two size ranges are
distinguished for diazotrophs and include the < 10 pm size fraction of unicellular groups
(delineated as UCYN-A, UCYN-B and UCYN-C lineages) and a diverse group of
heterotrophic bacteria and archaea. The UCYN-A (Candidatus Atelocyanobacterium
thalassa) has four sub-lineages (Farnelid et al., 2016), two of which are identified as
symbiotic with a small microalgae closely related to the prymnesiophyte Braarudosphaera
bigelowii (Thompson et al., 2012). The UCYN-B group is most phylogenetically similar (16S
rRNA) to Crocosphaera watsonii (Webb et al., 2009); and UCYN-C is similar (90%) in nifH
sequence (359 bp) to the unicellular diazotroph Cyanothece ATCC51142 (Foster et al., 2009).
The UCYN-B type can also form symbioses with a pennate diatom (Climacodium
frauenfeldianum) (Carpenter and Janson, 2000) and other strains form colonies, and as such,

would also fall into the > 10 um size fraction (Foster et al., 2013).




The second size class, the > 10 um cell diameter, are composed of the filamentous
colonial Trichodesmium spp. and a few genera of diatoms which associate with the
filamentous, heterocystous cyanobacteria R. intracellularis and Calothrix rhizosoleniae. The
symbiosis between the diatom hosts and their N fixing partners are referred to as diatom
diazotroph associations (DDAS). Three heterocystous symbiotic lineages have been delineated
based on their nifH gene. They are abbreviated as het-1 and het-2, which refers to Richelia

associated with Rhizosolenia spp. and Hemiaulus spp. respectively, and lastly het-3, which

refers to Calothrix associated with Chaetoceros compressus diatoms (Foster and Zehr, 2006).

Figure 2. Epifluorescence images of the different diazotrophs. Filaments and colonies of Trichodesmium (A), colonial and
dividing cells of UCYN-B (B), symbiont-host complex of UCYN-A (C), two filaments of Richelia in symbiosis with Rhizosolenia
(D), two filaments of Richelia per cell of the host Hemiaulus (E), and several filaments of Calothrix along a chain of the host
Chaetoceros (F). All images, except C are courtesy of Rachel A. Foster; image C is courtesy of Niculina Musat.

1.3 N fixation strategies

In addition to being energetically expensive, the nitrogenase enzyme complex which carries
out the N2 fixation, is highly sensitive to oxygen and its reactive species, which rapidly
decrease N fixation efficiency (Stewart, 1969 and references therein) by irreversible

oxidation of the iron-sulfur clusters of the iron protein (Berman-Frank et al., 2003).



Paradoxically, many of the diazotrophs are aerobic photoautotrophs, which by definition
results in oxygen evolution. Thus, diazotrophs have developed different strategies, either by
temporal or spatial separation of N> fixation from photosynthesis, to address the acute
problem of oxygen sensitivity (Berman-Frank et al., 2001; Haselkorn, 1978; Mitsui et al.,

1986).

In unicellular cyanobacteria, which typically utilize a temporal separation, N2 fixation
occurs during the dark (night) period, while C is fixed during the photoperiod (day) (Dron et
al., 2012; Taniuchi et al., 2012). However, the unicellular UCYN-A, which lack the ability of
oxygenic photosynthesis have peak N2 fixation during the photoperiod (Zehr et al., 2008).
Heterocystous cyanobacteria instead have spatial separation of N> fixation whereby a
specialized thick-walled terminal heterocyst is produced and functions to localize N2 fixation
away from the vegetative cells, which are used for photosynthesis (Haselkorn, 1978). The
filamentous colonial cyanobacteria, Trichodesmium, is unique among cyanobacterial
diazotrophs, and has developed both temporal and spatial separation of N fixation (Berman-
Frank et al., 2001), partially by using localized regions of the cells which were termed

diazocytes (Fredriksson and Bergman, 1997).

1.4 Living in symbiosis

The term symbiosis was first introduced by deBary (1879) and was defined as interspecies
interaction. Many of the symbioses between diazotrophs and eukaryotic phytoplankton are
considered largely mutualistic partnerships based on transfer of nutrients (e.g. N and/or C),
between the host and symbiont (Foster et al., 2013; Krupke et al., 2014; Thompson et al.,
2012). The partnerships between the diazotrophs and their respective eukaryotic hosts are

considered highly specific and in some systems obligatory. For example, the reduced and



streamlined genome of UCYN-A lacks tricarboxylic acid (TCA), several amino acids, and
photosystem 1), and few observations of free-living UCYN-A cells suggests that UCYN-A
relies on its partner and that the partnership is obligate (Cabello et al., 2016; Cornejo-Castillo
et al., 2016; Farnelid et al., 2016; Tripp et al., 2010). Similarly, in the DDAs, genome
reduction has also been observed in two of the Richelia strains draft genomes (RintHH,
RintHM), however the reduction is in N assimilation pathways (Hilton et al., 2013) in

addition to others (e.g. phosphorous (P) acquisition, carbon storage, transporters).

The location of the symbiont in each of the symbioses varies greatly. For example,
UCYN-A is either loosely attached (Farnelid et al., 2016; Krupke et al., 2013; Thompson et
al., 2012) or internal (Hagino et al., 2013). In the DDA system, a continuum of integration is
observed from (1) truly external in the Calothrix, attaching to the spines of Chaetoceros, (2)
endosymbiont of Richelia (het-1), residing between the diatom frustule and internal
membrane (plasmalemma) (3) to Richelia (het-2) as a fully internal endosymbiont, meaning
that it has penetrated the periplasmic space of the host cell (Caputo et al., in prep.). Through
these symbiotic relationships, the eukaryotic hosts have gained a competitive edge and

managed to colonize e.g. open ocean regions scarce in bioavailable N.

1.5 Detecting diazotrophs

Recent studies have found marine diazotrophs in unexpected locations, e.g. near riverine
inputs, equatorial upwelling, reverse estuaries; suggesting that little is actually known about
the definite constrains by environmental conditions on these organisms (Farnelid et al., 2016
and references therein). Moreover, it also highlights the difficulty in observing and

quantifying the diazotrophs, some, which are not easily detected by traditional microscopy (i.e.

UCYN-A and UCYN-C). While the larger Trichodesmium and Richelia are easily observable
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by epifluorescence microscopy, UCYN-A are microscopically unidentified and requires
molecular methods like quantitative Polymerase Chain Reaction (qPCR) or Fluorescence In-

Situ Hybridization (FISH) which are not easily implemented in the field.

Quantitative PCR studies based on the nifH gene are the common means to estimate
the abundances of the various diazotrophs (e.g. references within Luo et al., 2012). Many of
the oligonucleotides that are extensively applied in qPCR studies, were designed more than a
decade ago and risk missing certain strains or lineages. Recently, higher throughput genomic
sequencing techniques have been used to assess diversity and detection of microorganisms,
including several studies using nifH barcoding to amplify a partial but well conserved region
of the nifH gene (359 bp) subsequent to the high throughput sequencing. The nifH sequences
are recovered and then later compared (e.g. by phylogenetic trees) with a public reference
library to assign unknowns to known species (Messer et al., 2015, 2016). Although the latter
is an efficient means of acquiring new diversity, it still has similar caveats of PCR and

oligonucleotide bias, and is less quantitative.

1.6 Gaps in knowledge

It has been hypothesized that environmental parameters would affect the distributions and
abundances of the diazotrophs differently (Moisander et al., 2010; Safiudo-Wilhelmy et al.,
2001), which seems likely based on morphology and life-histories. However, both earlier and
more recent studies, modelling N> fixation on a global scale, assume that all diazotrophs are
equally affected by their ambient environment (Deutsch et al., 2007; Landolfi et al., 2015).
Correct model assumptions and a robust framework on environmental parameter influence is
of great interest in estimations on global and regional N budgets. Many different

environmental parameters have been suggested to govern diazotroph distribution and activity,
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including co-limitation of nutrients (Mills et al., 2004), and temperature is often the most

prominent driver (Messer et al., 2016; Moisander et al., 2010).

The aim of this licentiate thesis was to investigate cyanobacterial diazotroph
distribution and abundance and also describe the different environmental conditions that favor
and restrict these organisms. Two regions of the world’s oceans were selected: 1) a
hypothesized ‘hot spot’ in the Western Tropical North Atlantic (WTSP) (Stenegren et al.
submitted) and 2) the Western Tropical North Atlantic (WTNA), an area known for high
densities of DDAs (Stenegren et al., 2017b). For comparison to the results in the WTSP, a
meta-analysis was performed and included 11 additional public datasets to test the hypothesis
that conditions favoring marine cyanobacterial diazotrophs are unique to each group. In the
WTNA study a piecewise Structural Equation Model (piecewise SEM) (Lefcheck, 2016) was
developed to predict the influence, including directionality and causality, of 10-14
environmental parameters on the DDA distribution (Stenegren et al., 2017b). The piecewise
SEM is a relatively new tool to marine ecology research (Duffy et al., 2015; Jing et al., 2015);

however, it has never been applied on marine diazotrophs.

2 Methods

2.1 Study sites

The first study region was divided into 2 geographical regions: 14 stations in the oligotrophic
Melanesian Archipelago (MA) (160° E-178° E and 170°-175° W), and 4 stations in the ultra-
oligotrophic Subtropical Gyre (SG) (160° W-169° W) of the WTSP. Sampling was conducted
on board the R/V L Atalante on the Oligotrophy to UlTra-oligotrophy PACIfic Experiment

(OUTPACE) 2015 cruise, during 19 Feb-5 Apr, 2015 (Fig. 3).
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Figure 3. MODIS satellite image of surface chlorophyll in the region of sampling during the cruise in 2015. Cruise stations are
marked with yellow dots. Surface chlorophyll (blue-red) is clearly visible in the MA with an abrupt end at the beginning of
the SG.

The Tropical South Pacific (TSP) is considered a highly oligotrophic ocean (Claustre and
Maritorena, 2003) with limited macro- and micro-nutrients in the surface mixed layer (Blain
et al., 2008; Raimbault et al., 2007). The WTSP is however, an exception, where the MA has
an increased input of iron (Fe) by atmospheric dust deposition and riverine inflows or vertical
advection from the surrounding islands with an Fe rich soil. The latter serves as an important

Fe resource for the high Fe demand of diazotrophs (Shiozaki et al., 2014).

The second study region (2° N-12° N and 44° W-56° W) was the highly dynamic
Western Tropical North Atlantic (WTNA), an area highly influenced by the Amazon River
(AR) discharge (Fig. 4). Two cruises, one during high river discharge in 2010 (23 May-23
Jun) and a second during lower discharge in 2011 (4 Sept-6 Oct) were sampled on board the
R/V Knorr and R/V Melville, respectively. The stations were scattered throughout the region

and included stations of low (<30), intermediate (30-35) and high (>35) sea surface salinity.
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2010 (23 May-23 Jun) 2011 (4 Sept-6 Oct)

Figure 4. MODIS satellite images of surface POC in the region of sampling for the cruises conducted in 2010 and 2011.Cruise
stations are marked with white dots. POC concentrations (blue-red) clearly demonstrates the AR influence during high
(2010) and low (2011) river discharge.

This region of the WTNA is known for large blooms of the Hemiaulus-Richelia symbiosis
(Foster et al., 2007; Subramaniam et al., 2008) and is characterized by a vertical and
horizontal salinity gradient based on the seasonal changes in freshwater discharge from the
AR (Borstad, 1982a, 1982b; Muller-Karger et al., 1988). The AR plume also brings nutrients
and particles to the surface waters of the WTNA which heavily influence the phytoplankton
composition, creating a diverse phytoplankton community, including recurrent DDA blooms,
in this region (Goes et al., 2014). Additionally the region is also affected by eddy upwelling
and dust deposition, mainly from the Sahara desert (DeMaster et al., 1986; Tovar-Sanchez
and Safiudo-Wilhelmy, 2011), making it a prime region for studying both phytoplankton and

environmental parameter influence.

2.2 Sample collection and on board processing

Nucleic acids were sampled from discrete depths (4-6) at each station location using 12 L or
24 L Niskin bottles mounted on a conductivity, temperature, depth (CTD) rosette. Sampling
of the near surface (0 m) was done by lowering a plastic bucket by hand. Nucleic acid

samples were then filtered using a peristaltic pump onto a 25 mm diameter Supor membrane
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filter with pore size 0.2 um, held within a swinnex holder. On the WTSP (2015) cruise,
nucleic acid samples were taken and processed for ‘at sea’ analysis by qPCR (see below).
Several hydrotrophic parameters (e.g. salinity, temperature, light intensity and fluorescence)
were recorded with the CTD package at the time of sampling, which were later used in the
statistical analyses and SEM. The parameters differed between the cruises given that the CTD
packages were not identical. During both cruises, the plankton community was qualitatively
assessed by microscopy using the ships underway pump system, which had an intake at
approximately 5-10 m depth. It should be noted that larger microorganisms (i.e. zooplankton),
including the DDAs and attached bacteria to particles, were likely under-sampled by the

underway due to the pre-screen (~200 um) on the inlet.

QPCR is not typically conducted ‘at sea’ due to the instrument sensitivity to physical
motion, affecting its accuracy, which naturally occurs on a moving vessel. Nonetheless, it was
carried out using a StepOnePlus (Applied Biosystems) instrument with the goal of rapidly
providing on-site information on the diazotroph community. Using fast mode (and a new
TagMan 2X fast buffer), which cuts the standard gPCR run time by approximately 70 %, and
a modified DNA extraction protocol (e.g. reduction in the protease-K incubation step) our
data was generated within 3 h. The data was then used to make informed decisions on further

sampling at the current station.

2.3 Lab based DNA extraction and gPCR

DNA extraction is readily used for numerous experimental approaches including qPCR, and
have developed into several different assays/kits over the years (Bostrom et al., 2004). The
purpose of development is optimization in the DNA yield from samples, which may have

different characteristics based on the sample method and target organism type. We used a
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modified extraction protocol optimized for diazotrophs from a commercially available kit
(Qiagen Plant Minikit) (Moisander et al., 2008), and compared the results of all our DNA
extractions done ‘at sea’ with those processed in the lab from the archived samples.
Surprisingly we found that the shorter extraction method ‘at sea’ had higher detection for
some targets and samples. There are several explanations for the differences in detection
including, that populations are patchy and so the replicate samples were not truly replicates,
and second two different models of a bead beater were used. Moreover, DNA extraction

efficiency is not 100% and perhaps varies from sample to sample.

Quantification of the nifH gene for our targets was conducted using a StepOnePlus
gPCR instrument operated in fast mode. The qPCR efficiency was evaluated on several
samples to determine if there was interference in the assays derived from the samples (Short
et al., 2004). QPCR is a widely used alternative technique to microscopy-based approaches
like FISH and by definition quantitative (but can also be used for e.g. presence/absence
studies), providing the possibility to study the bacterioplankton community in detail
(reviewed in Kubista et al., 2006). However, the difficulty in accurately measuring absolute
values, both due to DNA extraction efficiencies and the qPCR method itself (i.e.
oligonucleotide specificity), have led to values reported as relative abundances. In addition to
efficiencies, standard curve qPCR methods rely heavily on a known standard being accurately
measured, which could differ between studies, potentially making direct comparisons

problematic.

Oligonucleotide design and specificity plays a role in the detection of target
populations. For example, if the specificity is intended to be narrow, closely related strains
could be undetected and could lead to an underestimation of abundances. The results from
qPCR assays, including diazotrophs, have been used to model distributions, and estimate

growth rates (Goebel et al., 2010; Luo et al., 2012), and therefore too narrow an
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oligonucleotide set could lead to underestimations of a particular population and perhaps their
contribution to biogeochemical processes. On the other hand, some assays might not be
specific enough, and cross-hybridize with closely related strains or species. In such cases
there is a risk that quantification overestimates abundances. For the latter reasons and caveats
we performed cross-hybridization tests on assays designed to quantify UCYN-A1 and A2, and
het-1 and het-2. In addition, we designed a new oligonucleotide set for the UCYN-AT1 host,
and therefore tested our assay with the closely related UCYN-A2 host. With the exception of
the UCYN-A hosts, all of these assays have been widely used in ecological research during

the past decades (Luo et al., 2012).

2.4 Statistical analyses

An initial univariate Spearman’s Rank correlation was conducted to find and describe patterns
in the datasets. The reason for choosing a non-parametric method was that significant skew
(non-normal distribution) was observed for some parameters even after LOG10
transformation. Therefore, a parametric Pearson’s correlation would have incorrectly reported
stronger relationships and significance values than a Spearman’s rank. The resulting
correlation coefficients were used to build hierarchical clustering heat maps which was a

simple way of visualizing the correlation matrices.

Multivariate ordination statistics was the next step and Redundancy Analysis (RDA)
was the method of choice. Multivariate statistics is a relatively old statistical tool which have
gained an increased use with increased computational power in modern computers. There are
several approaches based on the data used and its distribution (e.g. PCA, CCA and NMDS).
RDA was chosen based on the dataset being a mix of biological (often unimodal) and

chemical data (linear) and since a narrow gradient was sampled (gradient length ca 4) the

17



RDA algorithm could successfully distinguish and plot the distribution of data. The RDA was
effectively used to confirm the univariate statistics and describe environmental parameter
importance for explaining the observed variation among diazotrophs in the datasets, as well as

defining the most important environmental gradient in the WTSP.

After statistical analysis (correlations) of the dataset derived from the WTSP a
comparison with reports from other major ocean basins was conducted. After synthesizing a
meta-dataset from 12 gPCR studies (including the WTSP study), the statistical meta-analysis
was performed. By use of the meta-analysis (random effects model) we could do a weighted
analysis to describe which environmental factors were significant and most important for the
investigated diazotrophs in a semi-global dataset. Finally, the meta-analysis gave an I value
(similar to R? in other statistical tests) reported as a percentage of heterogeneity, meaning how
much variation in the dataset was accounted for. Using the 1% value and the Fail-safe N test,
which tests how many similar studies would be required to change the meta-analysis results,

the robustness of the analysis could be evaluated.

The major statistical tool used in this thesis was the piecewise SEM (Lefcheck, 2016).
It is a probabilistic model that describes parameters in a system as a causal network where the
parameters can act as both predictor and response variables. By addressing causality the
piecewise SEM is a departure from the paradigm that correlation does not imply causation,
but as argued by Lefcheck (2016), correlation does indeed imply causation, but the direction
of causality is unresolved. Based on previous knowledge and the univariate correlations, a
hypothetical framework was constructed and used as the foundation of the model, meaning
that the model was built on informed choices and used for hypothesis testing. This framework
approach is new and previously the model itself has been used to build the network of
interaction through its optimization feature (Lefcheck, 2016). The built-in feature of

optimization means that the model, based on statistical probability, will suggest missing
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pathways in the model that are un-accounted for, but might have a significant impact on the

model pathways.

3 Synthesis of the main results

3.1 Paper |

3.1.1 Shipboard gPCR

The main objective for shipboard processing was to deliver an estimate of the UCYN (A1, A2,
B, C) abundances on station in near real-time. The results were used to make informed
decisions on the locations of long duration (LD stations) which would be occupied for 8 days.
In addition, the gPCR results were used to determine the depths of sampling for onboard
experiments and incubations to measure bulk N2 and C fixation. The shipboard gPCR
demonstrated that the methodology was reliable and robust even ‘at sea’, where the risk of
contamination is higher than perhaps lab based work, and in addition, the environment is less
stable (e.g. instrument vibrations). Other ‘sea-going’, autonomous approaches, which collect
and store data in situ have been successfully applied (Ottesen et al., 2013; Preston et al., 2011;
Robidart et al., 2014). These approaches don’t require the presence of a research vessel in the
immediate area of sampling, but are often limited to the battery life and/or more stable sea
conditions. The strength of our approach was that we could quickly get a comprehensive
estimate of the abundance and distribution of the investigated targets. For example, moving
through different water masses, the depth of light penetration and subsequently the deep
chlorophyll max (DCM) changed in the WTSP, and we could adjust our sampling accordingly.
Moreover, sampling for on board experiments could be done at depths of maximum

abundances for target populations, e.g. UCYN groups.
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3.1.2 UCYN-A symbiont and host interactions

A second outcome of our study was the design of a new TagMan assay targeting the UYCN-
Al host prymnesiophyte of the UCYN-A1 symbiont. The primer and probe design was based
on a similar region of the 18S rRNA sequence described by Thompson et al. (2014) for
detecting the UCYN-AZ2 host. The cross-hybridization tests performed on the UCYN-AL and
A2 host assays showed no cross-hybridization. An interesting and unexpected result from
using the latter assays was discrepancies in the abundance and distribution between the hosts
and their respective symbionts. This is in contrast to several recent studies where the UCYN-
Al and A2 are considered highly host specific and obligate symbionts to their
prymnesiophyte hosts (Cabello et al., 2016; Cornejo-Castillo et al., 2016; Farnelid et al.,
2016; Tripp et al., 2010). Our results instead indicated that the UCYN-A could live either
freely or with a wider range of hosts. Several have reported that the number of UCYN-A
symbiont varies per host. For example a one to one ratio is found in the UCYN-AL based
symbioses, while the larger UCYN-A2 host associates with multiple and/or variable numbers
of UCYN-A2 symbionts (Cornejo-Castillo et al., 2016). On the contrary we consistently
quantified more UCYN-A 1 and A2 symbionts than their respective hosts, which was
surprising since the hosts are quantified by a multiple copy gene (18S rRNA). The latter
findings are interesting and perhaps important to consider in the ecology of these ubiquitous

diazotrophs.

3.1.3 Vertical distributions and abundances

Both the shipboard analysis and assays run on the archive samples indicated that the WTSP
was an area enriched for cyanobacterial diazotrophs, and all targets were enumerated.
However, previous work in the region suggested it was a ‘hotspot’ for UCYN-A (Moisander
et al., 2010), while we found UCYN-B as the most detected diazotrophs, followed by

Trichodesmium and het-1. UCYN-A was the least detected target diazotroph. Additionally,
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this is also among the first reports of all three DDAs in the TSP, and our results showed co-

occurrence and a broad distribution in the MA.

While all target diazotrophs were enumerated a clear niche partitioning separating the
UCYN-A symbionts and their respective hosts from all other diazotrophs was observed,
resulting in two distinct groups based on depth. The surface dwelling group consisted of
Trichodesmium and the het-groups, and a deeper sub-surface (ca 45 m) group consisted of
UCYN-AL and A2 and their respective hosts. This depth distribution is congruent with
several studies both in other parts of the WTSP (Bonnet et al., 2015; Moisander et al., 2010)
and other major ocean basins (Goebel et al., 2010; Langlois et al., 2005). However, in regions
with lower surface temperatures UCYN-A maxima has been observed at shallower depths

(Moisander et al., 2010).

3.1.4 Environmental parameter influence regionally and globally

Multivariate and univariate statistical analysis of the abundance data in relation to
environmental parameters revealed that the diazotrophs were most strongly affected by a
depth/temperature gradient. The same environmental gradient has also been reported by
Bench and colleagues (2016), as the most important for diazotrophs in both the WTSP and
North Pacific (NP) oceans. Additionally, PAR and salinity also emerged as important
environmental parameters influencing diazotroph abundance and distribution in the WTSP.
Temperature has been described as the most important environmental parameter governing
diazotrophs (Messer et al., 2016; Moisander et al., 2010), and a shift in dominance from
UCYN-B in warmer surface waters (> 27 °C) in the north to UCYN-A in cooler surface
waters (24-26 °C) in the south has been observed in the WTSP (Moisander et al., 2010).
Congruently, we observed similar temperature preferences, but through a vertical distribution,

where UCYN-A occupied colder, subsurface waters.
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The meta-analysis, designed to describe environmental parameter influence across
studies, found both similarities and dissimilarities between the ocean basins, where UCYN-A
contributed the most to the inconsistencies. The synthesis of the meta-dataset also revealed
that Trichodesmium, just as in the WTSP, dominated, with a few regional exceptions (Fig. 5).
Most notably, UCYN-B was the most detected diazotroph in the WTSP, while het-2
dominated the WTNA. It is important to note that, compared to e.g. UCYN-A and
Trichodesmium, the DDAs have often been largely undersampled in many studies (except for
WTNA and this WTSP study). Unequal processing of samples for DDAs was noted in half of
the studies, while the het-3 symbiont of the Chaetoceros-Calothrix symbiosis was not

investigated in any study.

| MM Trichodesmium

1 ucvn-a
. B ucne
o s e e
I Het-1
[ Het-2

Ocean Data View

Figure 5. Percentage of nifH gene detections by qPCR for 12 studies used in the meta-analysis (including this WTSP study)
across several major ocean basins. Total detections of each diazotroph for each study was summarized and divided with the
respective study’s total detection. Each pie chart represents one study and the approximate location where the study was

conducted.

The inconsistencies of UCYN-A across ocean basins were attributed to varying correlations
with the same environmental parameters between studies, resulting in it being uncorrelated in
the meta-analysis overall. However, temperature seemed to, yet again, be the most prominent

environmental factor affecting all diazotrophs investigated positively, except for UCYN-A
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(Fig. 6). Furthermore, salinity and depth correlated negatively with all diazotrophs except for
UCYN-B. A possible explanation to the observed inconsistencies between ocean basins could

be attributed to seasonality, since most of the studies included were not carried out at the same
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Figure 6. Significant estimate effects from the meta-analysis for several environmental parameters and the investigated
diazotrophs. Parameters are arranged from left to right, starting with the strongest effect. Negative estimate effects signify
the strength of negative correlation and positive estimate effects signify the strength of positive correlation.

3.1.5 Cross-hybridization of qPCR assays

Lastly, the result of our cross-hybridization tests surprisingly showed that UCYN-A1 and A2
cross-hybridize with each other. This cross-hybridization was found when the qPCR was run
at 60 °C annealing temperature in both standard and fast mode, which is the default
temperature setting. Moreover, when increasing the temperature to 64 °C as suggested by
Thompson and colleagues (Thompson et al., 2014) we still found cross-hybridization when
run in fast mode. These results suggest that, not only is there a specificity flaw in fast mode,

but the UCYN-A2 will be overestimated in the presence of UCYN-AL. In case of the het-1
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and het-2, cross-hybridization was only found during co-occurrence of high abundances (10°)
which has never been observed in the field (Foster et al., 2007). However, in addition to re-
evaluation of oligonucleotide design, qPCR instruments allow modification of the PCR cycles,
which has proven to be a powerful tool in optimizing specificity. For UCYN-AI and A2
cross-hybridization can be mitigated by a slight increase in temperature during the annealing
step, relaxing the DNA (Thompson et al., 2014), and by increasing cycle times (basically

standard mode, instead of fast mode).

3.2 Paper 11

3.2.1 Diazotroph distribution in the WTNA

In the WTNA blooms of DDAs have frequently been reported with similar densities and
distributions as detected in our 2010 expedition (Carpenter et al., 1999; Foster et al., 2007,
Subramaniam et al., 2008; Villareal, 1994). Similar to the WTSP, PAR seems to be of major
importance for the het-group. However, the het-group often occurred at stations with
mesohaline sea surface salinity conditions, but with their maximum abundances in sub-
surface waters, while salinity and temperature at depth of maximum abundances overall
varied from mesohaline to oceanic conditions. The AR plume brings an increased amount of
particles which limits light availability (Nittrouer et al., 1986; Smith and Demaster, 1996), but
is also high in nutrients, therefore the het-group resides just below the plume at stations with
mesohaline surface conditions. DDAs have been found in other regions with similar, below
oceanic, conditions in terms of salinity (Bombar et al., 2011; Foster et al., 2009; Ratten et al.,

2015).

The sub-surface maxima demonstrates the strong influence of the AR plume on the
diazotroph community, since at stations with more oceanic surface salinity conditions,
abundance maxima was observed at the surface. The dynamic hydrology of the region was

also observed during the season of higher river discharge, where surface salinities at oceanic
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stations could decrease by several units within hours. Consequently, surface populations of

DDAs rapidly declined. However, during this event surface nutrients (DIP and Si) increased,
while sub-surface populations of DDAs remained. Both DIP and Si inversely correlated with
sea surface salinity, suggesting an AR origin. Together with depletion of DIN, this seemed to

favor the DDA:s.

3.2.2 Piecewise SEM predicts AR influence on DDAs

The piecewise SEM identified differences between het-1 and het-2 based on DIP, salinity and
depth, but it also found turbidity to be the major environmental parameter affecting both het-1
and het-2 negatively. Likely turbidity is tied to PAR or light penetration as seen in the WTSP
(paper 1) and similar studies, however, using the piecewise SEM we found PAR to be
affecting the het-group positively both directly, but weakly, and indirectly through turbidity.
Moreover, het-1 seems to penetrate deeper than het-2 based on the direct and indirect positive
influences of salinity and depth, respectively. In contrast, salinity had an indirect negative
effect on het-2. Thus, the effects of salinity could explain why het-2 is dominating in the
region influenced by the AR plume, while het-1 has been observed as more numerous in open

ocean conditions (Church et al., 2008; Stenegren et al., submitted).

Investigating the genomes of the het-group we found differences in P-acquisition. For
example, the het-1 genome contains genes for DOP acquisition, which het-2 lacks. The
differences in genomic repertoires can drive niche adaptations which have been observed for
other diazotrophs (Dyhrman et al., 2006). The AR plume therefore influences the het-group
broadly, both directly and indirectly through turbidity which is linked to light availability, sea
surface salinity and dissolved nutrient concentrations. The piecewise SEM also revealed an
intriguing and strong effect of het-2 on het-1 in the WTNA, which is related to strong positive
correlations found for studies across several major ocean basins, including the WTSP

(Stenegren et al., submitted). Blooms of DDASs have been observed in the region during other
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seasons than those measured here (Subramaniam et al., 2008), demonstrating that DDA
abundance is decoupled from season. Instead we show, by implementation of piecewise SEM,
that multiple environmental parameters, mainly linked to the AR via turbidity, simultaneously

affect the DDA:s.
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4 Conclusion and future prospects

It is possible to efficiently pursue diazotroph abundance and distribution in near real time ‘at
sea’ to make informed decisions and directed sampling for experiments (e.g. incubations).
The underlying environmental conditions play a vital role in the governance of diazotrophs
and may in some regions change over short periods of time. Still, it was possible to identify a
clear niche partitioning in the WTSP which also separated the UCYN-A, in terms of
distribution, from the other investigated diazotrophs in several major ocean basins.
Furthermore, the information could be used to formulate hypotheses used in piecewise SEM
of environmental influence on diazotrophs, which hasn’t previously been attempted for
marine diazotrophs. The piecewise SEM helped resolve the more subtle and indirect effects in
the studied system, where we found a major difference in salinity preference between het-1
and het-2. Furthermore, it could potentially help in resolving the cause of our observed

discrepancies between the UCYN-A symbionts and their hosts in the WTSP.

Resolving the distribution of diazotrophs is only one step in accurately modelling and
predicting diazotrophy and perhaps their contribution to the global marine nitrogen cycle.
Identification and quantification by DNA based methodology doesn’t describe the
diazotrophic activity of these organisms. For the microscopy-identified diazotrophs (e.g.
Trichodesmium, DDAs, Crocosphaera), observation can provide insight on cells’ integrity,
however, it is not without bias, and cannot indicate activity. For example, the DNA based
gPCR assays cannot distinguish between dead or live cells. Therefore, the next obvious step
could investigate the nifH gene expressions of the diazotrophs in environmental samples.
Similar gene expression studies have previously been performed, both targeting the nifH gene
(Turk et al., 2011), or in other studies, a suite of genes involved in several cellular pathways
(Shilova et al., 2014). Both approaches have been difficult to link with abundance patterns
and more comprehensive genetic studies have not included the DDAs. Therefore, our focus on
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describing activity for DDAs will also address the issue of unequal sampling of this

diazotrophic group.

Recently, we re-evaluated the differences in the genetic content for the 4 different
symbiont draft genomes of the diatoms: Richelia from H. hauckii (RintHH), Richelia from H.
membranceus (RintHM), Richelia from Rhizosolenia (RintRC), and Calothrix from
Chaetoceros (SCO01). The earlier comparative genomics study of RintHH and RintHM,
genomes determined that symbiont location was related to symbiont genome size and content
(Hilton et al., 2013). A major difference in genome content that we recently resolved was
related to genes for P acquisition (Fig. 7) in that accordingly, RintHH and RintHM should not
be able to utilize many of the organic sources of P. The latter could perhaps influence the

distribution of the symbioses e.g. in the WTNA.

Hence, our next step was to design a Richelia specific microarray with many other
cellular pathways to identify how gene expression varies in each of the respective symbionts
in relation to environmental conditions. For example a higher expression of genes related to
DOP acquisition during DIP deplete and DOP replete conditions for RintHM and RintRC.
Other genes (e.g. for Fe acquisition and photosystems) may be of interest for explaining both
activity and environmental parameter governance in addition to predictions of the piecewise

SEM, which mainly separated het-1 and het-2 based on DIP and salinity.
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Internal Quasi External
R-HH R-HM R-RC C-C 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
phnD Phosphonate binding
phoD Phosphodiesterase/alkaline phosphatase D
- phoA Alkaline phosphatase
ppk Polyphosphate kinase
ppx Exopolyphosphatase

Figure 7. Summary of genes for P acquisition for internal, quasi-internal and external symbionts of the DDAs. The colors
mean that a certain symbiont (column) has the gene with the described function (row). The lack of color means that the
gene is missing in the genome of that symbiont. Green (R-HH): Richelia in symbiosis with Hemiaulus hauckii. Blue (R-HM):
Richelia in symbiosis with Hemiaulus membranaceus. Yellow (R-RC): Richelia in symbiosis with Rhizosolenia cleveii. Red (C-
C): Chaetoceros-Calothrix.

The micro-array technology allowed the custom design of genetic probes assembled onto an
array based on selected cellular pathways extracted from the draft genomes of the DDA
symbionts. The probe design for each gene of interest was analyzed with the Agilent’s eArray
online tool. The online tool creates one probe (60 bp) for each gene and tests cross-
hybridization and probe performance against the entire probe set as well as the draft genomes.
After optimization of the array design, excluding low performance and cross-hybridizing
probes, the array was ready for assembly. The assembled array will simultaneously target the
expressions of several genes or cellular pathways (involved in e.g. nitrogen fixation, nutrient
acquisition and stress response) for all our target organisms. In total, after optimization, the
array included approximately 600 genes (RintRC: 300 genes, RintHH: 200 genes, RintHM:
100 genes). The designs for the SCO1 are a work in progress. Our targeted approach is in
contrast to a total RNA-sequencing based approach as we want to avoid low/poor detection of

the DDAs in mixed environmental samples.

Given the importance of the symbiont in the partnership (i.e. source of N) we hope to
identify how cellular pathways are regulated by environmental conditions and by the host (e.g.

29



decrease in gene expression if host is inhibited by protein inhibitor cyclohexamide). Moreover,
it will help identify differences in gene expression between the symbionts based on
presence/absence of genes ultimately used in our designed micro-arrays. The results will shed
light on the, comparably underrepresented, heterocystous cyanobacterial symbionts and their
expressed genetic repertoires. Furthermore, related to environmental conditions and host
influences, it will expand our understanding of these important diazotrophic cyanobacteria’s

contribution to marine N and C cycles.
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