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Editorial on the Research Topic

Marine N2 Fixation: Recent Discoveries and Future Challenges

Marine N2 fixation is one of the most critical processes in the ocean, controlling the bioavailability
of nitrogen (N), an essential building block for the maintenance of biological activity (Falkowski,
1997). Technological advances in the field of genomics (Zehr et al., 1998) unveiled the existence of
a wide variety of both N2 fixers and N2 fixation strategies, challenging our knowledge of the factors
controlling this important process. Temperature, N deficiency, as well as iron (Fe) and phosphorus
availability have been traditionally thought to be the main factors controlling diazotrophs’s
distribution. These factors now appear insufficient to describe the variety of physiologies associated
with the diversity of N2 fixers, and to explain the wider range of marine habitats occupied by
these unique organisms (Zehr and Capone, 2020). At the same time, methodological limitations
associated with the N2 fixation rate measurement (Mohr et al., 2010) have cast some doubt on
the robustness of historical data, further increasing the uncertainty of global N2 fixation rates
(Großkopf, 2012). These findings imply that we still have much to learn about the factors that
control the magnitude and temporal and spatial variability of this important process, and its role in
regulating ocean biogeochemistry. This Research Topic stems from two international workshops on
the “Environmental Controls of Marine N2 Fixation” aiming to connect the scientific community
working on N2 fixation. It gathers contributions from different expertise focusing on novel aspects
of the physiology, ecology and biogeochemical role of diazotrophs, spanning from cellular to global
scales with the aim of contributing to a more coherent understanding of the triggers and function
of N2 fixation in the marine environment.

Current independent estimates of global marine N2 fixation from direct measurements,
geochemical fingerprints on oceanic nutrient content and model simulations reviewed by Landolfi
et al. in this Research Topic, range from about 100–200 TgNy−1. Large uncertainties still
remain from the lack of a comprehensive understanding of the environmental controls and
ecological interactions of marine N2 fixers. The application of molecular techniques allowed
the detection of nifH genes in regions that extend far beyond the geographical domain of N2

fixation originally associated to warm tropical oligotrophic waters. Using molecular fingerprinting
Fernandez-Mendez et al. report on the detection of nifH genes in the Arctic Ocean, and the
existence of a large genetic diversity that appears distinct from surrounding oceanic regions.
This wider distribution is further supported by year-round measurable N2 fixation rates in N-
rich temperate waters of the upwelling system of the Iberian peninsula, that appear populated by
genetically diverse diazotrophs as reported by the study of Moreira-Coello et al., challenging the
traditional low-N paradigm. Oceanic environments are populated by diverse N2 fixing organisms,
including non-cyanobacterial diazotrophs. Albeit expressing low fixation rates non-cyanobacterial
diazotrophs thrive both in photic and aphotic regions as reviewed by Moisander et al., potentially
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making a large contribution to global rates of N2 fixation. In their
perspectives Benavides, Bonnet et al. speculate that extrapolating
the sparse low aphotic N2 fixation rates for the wholemesopelagic
NO3-rich zone, would lead to a significant increase of the oceanic
N inputs, largely compensating for the N loss via denitrification,
and call for the consolidation of these extrapolations with future
aphotic N2 fixation rate measurement studies.

Several contributions address the control of diazotroph’s
biogeography by resource availability. While desert dust is
considered a primary source of iron (Fe) to the ocean, its low
solubility (<12%, Jickells et al., 2005) prompts phytoplankton
adaptive strategies to access this micronutrient in bioavailable
forms. In controlled laboratory experiments, Polyviou et al.
report on the substrate specific physiological and transcriptomic
responses of Trichodesmium for Fe acquisition from complex
matrices. Direct vicinity between cell and dust particles
may enhance Fe bioavailability to Trichodesmium, suggesting
that modes of Fe-supply may be important for the niche
determination of this important diazotroph. Benavides, Martias
et al. discuss the role of dissolved organic matter as a
possible complementary source of energy and nutrients for both
cyanobacterial and non-cyanobacterial diazotrophs.

Gradoville et al. used high-throughput 16S rRNA and nifH
gene sequencing and metagenomics to describe the microbiome
associated with Trichodesmium colonies in the North Pacific
subtropical gyre. They find that colony morphology appears to
be tied to different epibiont communities, uncovering the links
between physiological characteristics and ecological functions.
The fate and mortality pathways of diazotrophs and their
effect on biogeochemistry is just starting to be explored.
In this collection, Kuznecova et al. provide new insight on
the role of virus-host interaction. They investigate how viral
infections affect the growth, N2 fixation ability and gene
expression of a bloom-forming heterocytous cyanobacterium
Aphanizomenon flos-aquae.

Accurate rate measurements are key for assessing the global
significance of N2 fixation. In a combination of dedicated
laboratory experiments and a literature meta-analysis Wannike
et al. constrain the errors associated with the 15N2 methods, that
may lead to underestimate N2 fixation rates measurements. They

find that the errors associated with the lack of equilibration of
15N2 are highly dependent on incubation time and experimental
conditions. By comparing the retentive characteristics of filters
for N2 fixation rates measurements, in different settings from
coastal waters to the Baltic Sea and Pacific Ocean, Bombar et al.
warn on the potential underestimation of N2 fixation by the
use of borosilicate glass fiber filters (GF/F, Whatman) with a
nominal pore size of 0.7µm that are inadequate to capture
small cells. Caputo et al. conducted a comparative analysis of
two symbiotic N2-fixing cyanobacteria, the diazotrophs-diatoms
associations (DDA) and diazotroph-prymnesiophyte known as
UCYN-A, both providing fixed forms of N to the host. They warn
on the pre-filtration step during qPCR nifH surveys that lead to
systematic underestimation of large and chain-forming DDAs.

In summary, the contributions included in this Research
Topic focused on novel aspects of the physiology and
ecology of marine diazotrophs, addressing methodological
limits and current gaps in our knowledge that make future
predictions a challenge. These papers contribute toward
a more comprehensive understanding of the controls
of this key process, which is core for improving future
predictions of marine N2 fixers under a fast-evolving climate.
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The Eurasian basin of the Central Arctic Ocean is nitrogen limited, but little is known
about the presence and role of nitrogen-fixing bacteria. Recent studies have indicated
the occurrence of diazotrophs in Arctic coastal waters potentially of riverine origin. Here,
we investigated the presence of diazotrophs in ice and surface waters of the Central
Arctic Ocean in the summer of 2012. We identified diverse communities of putative
diazotrophs through targeted analysis of the nifH gene, which encodes the iron protein
of the nitrogenase enzyme. We amplified 529 nifH sequences from 26 samples of Arctic
melt ponds, sea ice and surface waters. These sequences resolved into 43 clusters at
92% amino acid sequence identity, most of which were non-cyanobacterial phylotypes
from sea ice and water samples. One cyanobacterial phylotype related to Nodularia sp.
was retrieved from sea ice, suggesting that this important functional group is rare in
the Central Arctic Ocean. The diazotrophic community in sea-ice environments appear
distinct from other cold-adapted diazotrophic communities, such as those present in
the coastal Canadian Arctic, the Arctic tundra and glacial Antarctic lakes. Molecular
fingerprinting of nifH and the intergenic spacer region of the rRNA operon revealed
differences between the communities from river-influenced Laptev Sea waters and those
from ice-related environments pointing toward a marine origin for sea-ice diazotrophs.
Our results provide the first record of diazotrophs in the Central Arctic and suggest
that microbial nitrogen fixation may occur north of 77◦N. To assess the significance of
nitrogen fixation for the nitrogen budget of the Arctic Ocean and to identify the active
nitrogen fixers, further biogeochemical and molecular biological studies are needed.

Keywords: nitrogen fixation, nifH, Arctic, non-cyanobacterial diazotrophs, sea ice, bacterial diversity

INTRODUCTION

Arctic marine ecosystems are rapidly changing due to climate change (Wassmann et al., 2011). In
summer 2012, Arctic sea ice extent declined to its minimum ever recorded (Parkinson and Comiso,
2013), following the general trend in Arctic sea-ice cover decline (Stroeve et al., 2012). This led
to vast areas of water being exposed to higher light intensities, which enhances phytoplankton
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primary production (Arrigo and van Dijken, 2015). Primary
production in this highly stratified ocean is generally limited
by nitrogen, most of which is delivered in the form of nitrate
via the inflow of Pacific and Atlantic waters (Codispoti et al.,
2013). Riverine input of nitrogen, especially from the Lena river
that discharges into the Laptev Sea, may be another important
source of nitrate in the Eurasian Basin (Holmes et al., 2011),
alongside atmospheric deposition by snowfall (Beine et al., 2003),
recycling of organic matter, and nitrogen fixation in ice masses.
These different nitrogen sources should be balanced by nitrogen
sinks, such as primary production and export, as well as microbial
denitrification along the broad continental shelves that surround
the Arctic Ocean (Devol et al., 1997; Rysgaard et al., 2004).
However, current nutrient budgets indicate an imbalance of
Arctic nitrogen supply, demand and export, suggesting that
nitrogen fixation may have a key role in closing the budget
(Torres-Valdés et al., 2013).

The biological fixation of gaseous dinitrogen (N2) by
diazotrophs is an important source of bioavailable nitrogen in
nutrient-limited pelagic ecosystems (LaRoche and Breitbarth,
2005), thereby influencing primary productivity and carbon
export to the seafloor (Codispoti et al., 2001; Arrigo, 2005).
Nitrogen fixation rates in surface waters of tropical, subtropical
and some temperate oceans are primarily driven by diazotrophic
cyanobacteria (Langlois et al., 2008; Moisander et al., 2010; Turk-
Kubo et al., 2012). Non-cyanobacterial diazotrophs have also
been detected in numerous marine, pelagic environments (Falcón
et al., 2004; Riemann et al., 2010; Farnelid et al., 2011; Moisander
et al., 2014), although their contribution to oceanic nitrogen
fixation remains poorly understood (Turk-Kubo et al., 2014). In
contrast to temperate and tropical seas, the specific contribution
of nitrogen fixation and its key microbial agents in ice-covered
seas is not well known (Tremblay et al., 2009; Blais et al., 2012;
Luo et al., 2012; Torres-Valdés et al., 2013). This study aims at
providing a first survey of the nitrogen-fixing potential of the
eastern Central Arctic Ocean.

Several factors are thought to constrain oceanic nitrogen
fixation: low temperatures (Brauer et al., 2013), high dissolved
oxygen, high N:P ratios, and iron or phosphate limitation (Paerl
and Zehr, 2000; Mills and Arrigo, 2010; Riemann et al., 2010;
Monteiro et al., 2011). The generally low temperatures and the
high dissolved oxygen in Arctic waters (Bates et al., 2014) support
the long-held assumption that nitrogen fixation is unlikely in the
Arctic Ocean. However, diazotrophs have developed strategies
to withstand freezing and high salinity by producing antifreeze
proteins (Schmidt et al., 1991), and to avoid oxygen by developing
endo-symbiosis, like Rhizobiales, which include mainly Alpha-
proteobacteria and Beta-proteobacteria and have been identified
also in polar soils and frost flowers (Bordeleau and Prévost, 1994;
Bowman et al., 2013). Symbiotic associations between diatoms
and diazotrophs have been described in other oceans (Villareal,
1992; Foster et al., 2011). We hypothesize that sea-ice related
environment of the Eurasian basin of the Central Arctic Ocean
might hold diazotrophs.

Arctic waters often have low N:P ratios (Tremblay et al., 2008),
which have been hypothesized to favor diazotrophs (Tyrrell,
1999). They are relatively rich in iron (1–3 nM) from river

input (Klunder et al., 2012), which could well support the iron
demand of nitrogen fixing enzymes. Nitrogen fixation rates
and putative diazotrophs from riverine origin (microorganisms
containing at least the nifH gene) have been identified close to
the Mackenzie River and in the water column of the Canadian
Arctic shelves (Farnelid et al., 2011; Blais et al., 2012). Relatively
high cyanobacterial nifH gene diversity (e.g., Trichodesmium
and Cyanothece) has also been described in the sea ice and
waters of the Fram Strait in the Eurasian Basin (Díez et al.,
2012). In contrast, to date there is no record of marine
diazotroph occurrence in the Central Arctic Ocean north of
76◦N. Non-diazotrophic cyanobacteria, such as Prochlorococcus,
which are very abundant in other oceanic regions (Partensky
and Hess, 1999), are rare in polar marine waters (Vincent,
2000; Lovejoy and Potvin, 2010) although they appear in both
polar regions (Nadeau et al., 2001). Diazotrophic cyanobacteria,
which represent a small percentage of marine cyanobacteria, are
also the most common autotrophic diazotroph in other oceans
(Moisander et al., 2010; Luo et al., 2012) and on glaciers (Yallop
et al., 2012), but their diversity and abundance in the marine
environments of the polar regions is still understudied.

In the Arctic Ocean, only a few nifH gene surveys have
been conducted in the past decade, and they focused on coastal
regions. In this study, we investigated nifH gene diversity in
different Arctic environments, including Arctic sea ice and
surface water from under-ice and open water locations. To
assess diazotroph diversity and discover specific phylotypes that
might be unique for the Arctic marine environment, we chose
a targeted analysis of the nifH gene, coding for the iron protein
of the nitrogenase enzyme. In addition, we used molecular
fingerprinting analyses of the intergenic spacer region of the
rRNA operon to characterize the complete bacterial community,
and to reveal the dissimilarity patterns between different sea-ice
related environments. Furthermore, we measured the physical-
chemical properties of each environment type and we included
data about the origin of the sea ice, measured by its drift
trajectory.

These datasets allowed us to assess the distribution and
diversity of diazotrophs in melt pond, sea-ice and surface waters
of the Central Arctic and to evaluate the genetic nitrogen-
fixing potential of the microbial communities. Specifically, we
addressed the hypotheses that (1) putative diazotrophs of the
Central Arctic occupy a niche in the nitrogen-limited sea ice and
waters of the Eurasian Basin, (2) they originate from coastal areas
such as the Laptev Sea where the ice is formed and transported
with the Transpolar Drift, and (3) the Central Arctic marine
sea-ice related diazotrophs are distinct from other cold-adapted
diazotrophic communities and those of adjacent oceanic regions.

MATERIALS AND METHODS

Sampling
A total of 53 samples were taken for this investigation during
the ARKXXVII/3 cruise to the Central Arctic (77–88◦N and
30–133◦E) from the 7th of August to the 30th of September,
2012, onboard the German icebreaker R/V POLARSTERN
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(Supplementary Table S1). Sea ice, melt ponds and seawater were
sampled at 9 ice stations and 13 water stations located in different
parts of the central Eurasian Basin. Surface water samples from
ice-covered waters (n = 13) were differentiated from those from
open water from the Laptev Sea region (n = 6) for the analysis.
Our samples come from a wide range of ice conditions and
nutrient regimes (Figure 1). Samples of rapidly melting sea ice
(n = 21) were taken using an ice corer (Kovacs Entreprise,
Roseburg, OR, USA) and cut into two sections (top and bottom)
prior to being transferred to plastic containers that had been
rinsed with ultrapure water and ethanol and melted in the dark

at 4◦C. Samples of melt pond water (n = 8) and algal aggregates
(n = 5) found in melt ponds were collected using a hand pump
(Model 6132-0010, Nalgene, Penfield, NY, USA) and stored in
clean Nalgene bottles. Samples of water under the ice (n= 5) were
collected using a peristaltic pump (Masterflex R© E/STM portable
sampler, 115 VAC, Oldham, UK). Surface water (2–5 m depth)
samples at all other stations (n = 13) were collected with a
rosette sampler equipped with Niskin bottles and a Conductivity
Temperature Depth (CTD) profiler (Sea-Bird Electronics Inc.,
Bellevue, WA, USA). In addition, ultrapure water was sampled
to check for possible contaminations from the onboard water

FIGURE 1 | Stations sampled for nifH analysis in the Eurasian Basin of the Central Arctic during summer 2012. Station numbers correspond to those in
Supplementary Table S1. Each square correspond to one environment. If a particular environment was not samples at one station it appears in gray. If no nifH gene
could be amplified it is colored in white, and if niH genes could be amplified in the color corresponding to each environment (Dark blue = water, Yellow = sea ice,
Light Blue = melt pond and Brown = algal aggregates). The thin gray line corresponds to the cruise track. Average sea-ice concentration data source:
www.meereisportal.de.

Frontiers in Microbiology | www.frontiersin.org 3 November 2016 | Volume 7 | Article 18849

www.meereisportal.de.
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-07-01884 November 21, 2016 Time: 15:23 # 4

Fernández-Méndez et al. Diazotroph Diversity in the Central Arctic

purification system (Milli-Q Gradient A10, Millipore) when
using this water to rinse the sampling equipment. Between 0.3
and 2 L volume of each sample were filtered through Sterivex
filters of 0.2 µm pore size (Durapore, Milipore, Darmstadt,
Germany) using a multichannel peristaltic pump (Model PD 51;
Heidolph, Schwabach, Germany). Filters were stored at −80◦C
until further processing.

Characterization of Central Arctic
Environments
Temperature and salinity were measured in sea ice and
melt pond water with a hand-held conductivity meter (315i
with TetraCon electrode cell, WTW GmbH, Weilheim in
Oberbayern, Germany), and in the water column with a CTD
profiler. The data is available in the databases of the Data
Publisher for Earth and Environmental Science, PANGAEA, doi:
10.1594/PANGAEA.819452 (Rabe et al., 2012). Concentrations
of nitrate, phosphate and silicate were measured with a
standard photometric method using a Technicon TRAACS
800 continuous flow auto analyzer (Technicon Corporation)
as described in Fernández-Méndez et al. (2015). Raw nutrient
concentrations and integrated stocks are available in PANGAEA
doi: 10.1594/PANGAEA.834081 (Fernández-Méndez et al.,
2014a; Bakker, 2014, unpublished).

Data concerning ice thickness and melt pond coverage
are stored in PANGAEA, doi: 10.1594/PANGAEA.803221
(Hendricks et al., 2012). The origin of sea ice was determined
using ice drift information obtained from satellites. In this study,
two different sets of ice drift products were used: The first
data set, Polar Pathfinder Sea Ice Motion Vectors (Version 2)
obtained from the National Snow and Ice Data Center (NSIDC)
was chosen because of its year round availability. We used it
to calculate ice drift trajectories during summer months (June–
August). The second data set, sea ice motion provided by the
Center for Satellite Exploitation and Research (CERSAT) at the
Institut Francais de Recherche pour l’Exploitation de la Mer
(IFREMER), shows a good performance on the Siberian shelf
(Krumpen et al., 2013) and was therefore used to complement the
calculation of ice drift trajectories between September and May.
To determine drift trajectories and source areas of sampled sea ice
a specific ice area is tracked backward until: (a) the ice reaches a
position next to a coastline, (b) the ice concentration at a specific
location reaches a threshold value of (>15%) when ice parcels are
considered lost, or (c) the tracking time exceeds 4 years. A more
detailed method description is provided in Krumpen et al. (2016).

nifH Gene Molecular Analysis
Total community DNA was extracted using the DNeasy Plant
Mini Kit (QIAGEN, Valencia, CA, USA) and the QIAcube
extraction instrument following the manufacturer’s instructions
(Bombar et al., 2013). To amplify the nifH gene, a nested
polymerase chain reaction (PCR) employing a high number of
amplification cycles (n= 50) with two sets of degenerate primers
was used since it is a high-sensitivity method (Zehr and Turner,
2001). The four degenerate primers used, nifH1-nifH4, cover
>94% of available nifH sequences, allowing our approach to

access a high percentage of the known diazotroph diversity (Gaby
and Buckley, 2012) at the limited availability of sample volume
in this study. PCR amplifications were performed in a MyCycler
Thermal Cycler (BioRad, Berkeley, CA, USA). The first PCR
amplification of nifH in each sample was performed with 2 µl of
DNA template in 24 µl of PCR reaction containing 4 mM MgCl2,
0.4 mM dNTPs, 10X Buffer, 1.25 U (0.2 µl) Platinum TaqDNA
Polymerase (Invitrogen) and 0.5 µM of the forward nifH3 primer
(5′-ATR TTR TTN GCN GCR TA-3′) and reverse nifH4 primer
(5′-TTY TAY GGN AAR GGN GG-3′) (Zehr and Turner, 2001).
Amplifications proceeded with 25 cycles of 3 min at 95◦C, 30 s
of denaturation at 95◦C, 30 s of annealing at 55◦C and 45 s
of elongation at 72◦C. The second amplification procedure was
performed as described above, save the use of 1 µl of the PCR
product from the first amplification process as the template and
the forward nifH1 primer (5′-TGY GAY CCN AAR GCN GA-3′)
and reverse nifH primer (5′-ADN GCC ATC ATY TCN CC-3′)
(Zehr and Turner, 2001). In addition, the annealing temperature
was increased to 57◦C. In both steps, negative controls were
performed using milliQ water in place of the DNA template.

A 15 µl aliquot of the PCR products from the second
amplification was used for electrophoresis separation (1,4%
low-melt agarose gel). The DNA band of the appropriate size
(360 bp) was extracted with a gel extractor (X-tracta gel extractor,
USA Scientific, Ocala, FL, USA). The gel was purified with a
QIAquick Gel Extraction Kit (Qiagen) and the DNA cloned with
a TOPO R© TA Cloning R© Kit for Sequencing with One Shot R©

TOP10 Chemically Competent E. coli (Invitrogen) following
the manufacturer’s guidelines. Dependent on outcomes of the
cloning process, plasmids from between 12 and 48 clones per
sample were purified using the Millipore Montage Plasmid
Miniprep96KitsMiniprep kit (Millipore, Darmstadt, Germany)
and the inserts were sequenced using the Sanger method (Sanger
et al., 1977) at the University of California, Berkeley.

Nucleic acid sequence data were trimmed and quality
checked using the Sequencher R© sequence analysis software (Gene
Codes Corporation, Ann Arbor, MI, USA). Quality-controlled
sequences were imported into the software program ARB
(Ludwig et al., 2004), translated to amino acid sequences and
imported into a publically available, curated GenBank database
containing all nifH sequences submitted to the nr database
that have been validated to be nifH based on analysis (Heller
et al., 2014; April 2014 release). Amino acid sequences were
aligned using the program HMMER which contains a Hidden
Markov Model from the protein family database PFAM (Finn
et al., 2010). Subsequently, the nucleotide sequences were re-
aligned according to the aligned amino acid sequences using
ARB. To confirm that the sequences were nifH gene, the
alignments were visually checked for conserved regions. Our
572 confirmed nifH sequences included one sequence from
the PCR blank and 28 sequences from the ultrapure water
used to rinse the plastic containers where the samples were
stored. These sequences clustered at >94% amino acid sequence
identity with 15 sequences from our environmental samples,
so these were considered putative contaminants and removed
from further analyses. We also checked if any of the retrieved
sequences were closely related to other sequences reported as
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contaminants on other studies. The 45 contaminant amino acid
sequences reported in the April 2014 nifH database (Farnelid
et al., 2009, 2013) were all less than 90% similar to our sequences
retrieved from the environment. Despite these checks, one cannot
exclude the possibility that some of the sequences reported
might be contaminants. From the 529 confirmed environmental
nifH sequences, a total of 43 clusters with ≥92% amino acid
sequence identity were identified using the CD-HIT program
suite (Huang et al., 2010). Each cluster was represented by one
representative sequence. A maximum likelihood tree of partial
nifH sequences was built in RAxML version 8.1 (Stamatakis,
2014). This tree included the 43 representative sequences (92%
amino acid similarity using the matrix BLOSUM62) of our
nifH Arctic sequences and their closest cultivated relatives. We
used the RAxML function auto prot to determine the most
appropriate protein substitution model. Following the function’s
recommendation, we used the LG matrix substitution model
to determine relatedness (represented by branch length) and a
custom mask for the nifH amplicon region (Mask Makyyy in
the ARB publicly available database). The stability of the RAxML
phylogenetic reconstruction was assessed by bootstrapping 1000
times with RAxML’s -b function. The tree and its associated
metadata were visualized using ITOL (Letunik and Bork, 2007).
The phylogenetic affiliation of each nifH cluster, defined by CD-
HIT, was determined based on the phylogenetic affiliation of the
closest cultivated relative, which have been assigned according to
the convention suggested by Zehr et al. (2003) and provided in
the curated nifH database (Heller et al., 2014).

For the comparison of different regions, sequences from nine
independent studies, including the present one, were selected
from studies submitted to the GenBank database prior to April
2014. All available Arctic sequences from different environments
were selected, as well as all Antarctic sequences, which were
exclusively from lake microbial mats. In addition, sequences from
one study in the North Atlantic (constrained to surface water
samples as in our study) and one in the subtropical Atlantic
(water samples collected at 8 m depth) were selected for further
comparison outside of the polar regions. In total, 1523 sequences
were chosen to characterize the diazotroph community structure
from: the Central Arctic (this study) (n = 572), the coastal
Canadian Arctic (Blais et al., 2012) (n= 21), the coastal Eurasian
Basin (Díez et al., 2012) (n= 69), the Arctic tundra soil (Izquierdo
and Nüsslein, 2006) (n = 24), the Antarctic ice shelf microbial
mats in lakes (Olson et al., 1998; Jungblut and Neilan, 2010)
(n = 15+43), the subtropical Atlantic Ocean (Langlois et al.,
2005) (n = 175), and the North Atlantic Ocean (Turk et al.,
2011) (n = 604). All studies except Díez et al., 2012 used the
same primers as used in this study. Nucleotide sequences from
these studies were clustered using CD-HIT EST (Li and Godzik,
2006) at 97% nucleotide similarity (Turk-Kubo et al., 2014). From
the 243 representative sequences (of 1523 initial sequences), 86
originated from nifH genes present in the Central Arctic, 19
from the Canadian Arctic, 20 from the Eurasian Basin, 16 from
the Arctic tundra, 25 from the Antarctic microbial mats, 51
from the North Atlantic, and 26 from the subtropical Atlantic.
The representative sequences at 97% nt identity retrieved from
the Central Arctic sea-ice related environments as well as the

ultrapure water blanks were submitted to GenBank and assigned
accession numbers KT354077-KT354180. Only five of the CD-
HIT clusters represented sequences from both the North Atlantic
and the subtropical Atlantic and one CD HIT cluster represented
sequences from the Eurasian Basin and the Subtropical Atlantic.
All other CD-HIT clusters represented sequences exclusively
from one oceanic region. A maximum likelihood tree of these
243 representative sequences was built using RAxML v8.1. The
best performing model was the WAG matrix substitution model.
The stability of the RAxML tree was assessed by bootstrapping
1000 times with RAxML’s -b function. The tree and its associated
metadata were visualized using ITOL (Letunik and Bork, 2007).

Intergenic Spacer 16SrRNA Molecular
Analysis
The bacterial community structure was investigated targeting the
Intergenic Spacer (ITS) region of the 16SrRNA by Automated
Ribosomal Intergenic Spacer Analysis (ARISA) (Fisher and
Triplett, 1999) in the 26 samples where nifH could be
amplified. ARISA was chosen as a rapid and effective method
to analyze bacterial community structure across this large
dataset. Results of this method were previously shown to be
coherent with diversity patterns retrieved using next generation
sequencing approaches (e.g., Gobet et al., 2014). Each ARISA
PCR contained 2.5 µl of 10x reaction buffer S (PEQLAB
Biotechnologie GmbH, Erlangen, Germany), 1 µl of 25 mM
MgCl2 (PEQLAB Biotechnologie GmbH, Erlangen, Germany),
0.625 µl of a 10 mM dNTP mix (PEQLAB Biotechnologie
GmbH, Erlangen, Germany), 0.75 µl of 3 mg ml−1 bovine
serum albumin (Sigma-Aldrich Chemie Gmbh; Munich,
Germany), 0.25 µl of 40 µM universal forward primer ITSF
(5′-GTCGTAACAAGGTAGCCGTA-3′) (Biomers.net, Ulm,
Germany), labeled with 6-carboxyfluorescein (FAM), 0.25 µl of
40 µM ITSReub reverse primer (5′-GCCAAGGCATCCACC-
3′) (Biomers.net, Ulm, Germany), 0.25 µl of 5 units µl−1

Taq polymerase (PEQLAB Biotechnologie GmbH, Erlangen,
Germany) and approximately 10 ng environmental DNA as
determined by spectrophotometry (Infinite R© M200 NanoQuant,
Tecan Group Ltd., Switzerland). PCR water was added to each
reaction mix to a final volume of 25 µl. All reactions were
conducted in triplicate. PCR conditions were set to 3 min at
94◦C, 30 cycles of first 94◦C for 45 s, 55◦C for 45 s, and 72◦C for
90 s followed. Final extension time was 5 min at 72◦C.

PCR performance was examined using gel electrophoresis and
the length of successfully amplified and purified ITS fragments
was analyzed via capillary electrophoresis on an ABI Prism
3130 XL – Genetic Analyzer (Applied Biosystems, Carlsbad, CA,
USA). Signals were evaluated using the GeneMapper Software
v3.7 (Applied Biosystems, Carlsbad, CA, USA) and subsequent
generation of operational taxonomic units (OTUs) was done with
custom R scripts1 as previously described (Ramette, 2009).

Statistical Analysis and Ordination
All statistical tests were performed in R version 3.1.1 (R Core
Team, 2015). Differences in diazotroph community structure –

1http://www.ecology-research.com
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based on the presence or absence of nifH-derived operational
taxonomic units – were expressed using the Jaccard dissimilarity
measure, which was computed as 2B/(1+B), where B is the
Bray–Curtis dissimilarity measure:

B =
∑S

i−1(xij − xik)∑S
i−1(xij + xik)

and visualized by non-metric multidimensional scaling
(NMDS) using the metaMDS routine of the “vegan 2.3”
package (Oksanen et al., 2013). Differences in the total
bacterial community structure – represented through variations
in the internal transcribed spacer region (ITS) fingerprint –
were similarly visualized, but calculated using the Bray–Curtis
dissimilarity measure (Legendre and Legendre, 1998). Guided
by the Shepherd stress of our NMDS results, we chose to
ordinate ranked dissimilarities from both analyses in two-
dimensional space. In each plot, dissimilarity between samples is
approximated by the distances between the points representing
them. Stress values reflect the degree of correspondence between
the distances between points in the NMDS plot and values in the
original dissimilarity matrix. An analysis of similarity (ANOSIM)
was used to evaluate how strongly our representations of bacterial
community structure differed between a priori defined groups.
The groups defined were: Laptev Sea (n = 4), Surface Waters
(n= 6), Melt Ponds (n= 3), Ice Bottom (n= 3), Ice Top (n= 8),
Brown ice (n = 1), and Aggregate (n = 1). Groups with one
sample only were excluded from the analysis. First, we performed
an omnibus test followed by a pairwise ANOSIM as post hoc
testing. Individual p-values were Bonferroni-corrected. A Mantel
test was performed using the mantel routine of the “vegan 2.3”
package to compare the two dissimilarity matrices (nifH and
ARISA).

To complement our dissimilarity-based methods, which may
confound location and spread (Warton et al., 2012), redundancy
analysis (RDA) using type I scaling was used to estimate the
degree of linear association between variation in the diazotroph
community and temperature, salinity, nitrate, phosphate and
silicate. These environmental variables were standardized by
z-scoring prior to use in RDA. The response data was Hellinger
transformed to standardize it (Legendre and Gallagher, 2001),
using the decostand function of the “vegan 2.3” package. The
significance of the RDA analysis was calculated using ANOVA
and the residuals were plotted in a histogram (Supplementary
Figure S3).

To compare the diazotroph community of the Central Arctic
Ocean described in this study to the diazotroph community from
Arctic adjacent oceanic regions (Canadian and Eurasian Arctic
shelves), other polar environments (Antarctic lake microbial
mats and Arctic tundra soil), and other oceanic regions (North
and Subtropical Atlantic), we performed phylogenetic distance
analysis (Unifrac) (Lozupone et al., 2006) on the maximum
likelihood phylogenetic tree containing only representative
sequences from those environments (CD-HIT clustering at a
97% nucleotide similarity threshold). To calculate dissimilarities
based on phylogenetic distances between the diazotrophic
communities we used the package “phyloseq” in R (McMurdie

and Holmes, 2013). Principal coordinate analysis (PCoA) was
used to ordinate Unifrac distances using the functions cmdscale()
and ordiplot() in the R package “vegan 2.3.” An automatic
correction for negative eigenvalues was used. Rarefaction curves
were computed across Hill numbers (Chao et al., 2014)
using the iNEXT package (Hsieh et al., 2016), both for 92%
amino acid similarity representative sequences in the different
sea-ice related environments of the Central Arctic, as well
as for the 97% nucleotide identity representative sequences
in the different oceanic regions. Hill number 0 refers to
species richness, 1 to the number of ’typical’ species in the
community (exponential of Shannon entropy), and 2 to the
number of very abundant species in a community (inverse
Simpson).

RESULTS

Characterization of Arctic Diazotroph
Communities Based on nifH sequences
During our study in summer 2012, nifH gene fragments were
amplified from 26 of the 53 samples collected in different Arctic
environments: sea ice, melt ponds and surface water column
(Figure 1). A total of 529 sequences were retrieved, 40% of
them from the upper part of the sea ice and only 5% from
melt ponds (Table 1; Supplementary Table S1). These sequences
were clustered into 43 clusters at 92% amino acid similarity
and were distributed across all four main nifH clusters I–IV
as defined by Zehr et al. (2003), including both cyanobacterial
and non-cyanobacterial phylotypes (Figures 2 and 3). Central
Arctic sequences affiliated with Cluster I contained mainly
Proteobacteria (1G and 1K), Firmicutes (1E), Cyanobacteria
(1B) and several uncultivated microorganisms. Cluster II
contained Proteobacteria (2C), Firmicutes (2A), and members
of the Archaea (2B). Cluster III contained putative anaerobes
including sulfate reducing genera of the Deltaproteobacteria,
and genera such as Clostridium. Cluster IV contained nifH
paralogs that are thought to function in metabolic processes
other than nitrogen fixation (e.g., Young, 2005; Staples et al.,
2007).

TABLE 1 | Number of samples screened for nifH gene amplification and
confirmed nifH gene sequences retrieved.

Environment Total
Samples

Samples
with nifH

Sequences
retrieved

Melt ponds 8 3 24

Ice top 8 8 211

Ice bottom 13 4 91

Water under
the ice

13 6 120

Surface open
waters Laptev
Sea

6 4 40

Algal
aggregates

5 1 43

Total 53 26 529
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FIGURE 2 | Relative abundances of different nifH subclusters in Central Arctic environments. The number of sequences retrieved from each environment is
shown in parenthesis. Open waters correspond to the region close to the Laptev Sea.

The vast majority of sequences retrieved across the different
environments of the Central Arctic Ocean belonged to non-
cyanobacterial diazotrophs of Cluster I (Figure 2). In this
cluster, 53% of the sequences belonged to the subcluster 1G that
contains sequences from genera such as Azotobacter, Brenneria,
Teredinibacter, and Pseudomonas. Subcluster 1K comprised 29%
of the sequences, containing both Alpha- and Beta-proteobacteria
such as Bradyrhizobium and Azospirillum sp. From subcluster
1B, which contains exclusively cyanobacterial diazotrophs, only
five sequences were amplified from the upper layer of the sea ice
(top 50 cm of a snow-free core) at ice station 224 (Subcluster
1B, Representative sequence N_224IT_002 in Figure 3). These
sequences were all closely related (≥92% amino acid sequence
similarity) to Nodularia. Cluster III sequences accounted for up
to 20% of the sequences retrieved by clone libraries from all
samples together (Figure 2). Only 12 sequences corresponding to
nifH paralogs (Cluster IV) were retrieved from sea-ice and melt
pond samples, but they were not closely related to any cultivated
organism (Figure 3). Since they do not provide any insight into
nitrogen fixation capabilities of the Arctic microbial community,
we will not develop them further.

Presence of nifH Genes in the Central
Arctic and Link to Temperature and
Nutrients
Two of the main environmental factors that might affect
the presence of diazotrophs, temperature and nutrient
concentrations, were quite variable in the environments and
stations sampled. Seawater temperatures ranged from −1.7◦C
below the ice and up to 3◦C in open waters of the Laptev Sea shelf
(Supplementary Figure S1). Sea-ice temperatures were between
−0.2 and −1.8◦C and melt pond temperatures between −0.7

and 0.3◦C. Nitrogen fixation genes from putative diazotrophs
were amplified from samples along the entire temperature range
sampled (Figure 1).

Regarding nutrients, nitrate concentrations in summer 2012
were very similar in sea ice and melt ponds ranging between
0.2 and 1.5 µM, while being more variable in surface waters
ranging between 0.02 and 6.4 µM (with highest concentrations
at stations 218 and 245). Phosphate, the most relevant nutrient
for diazotrophs, was more variable in sea ice (0.02–1.95 µM)
reaching its highest concentrations at ice station 224. Melt ponds
had in general very low phosphate concentrations (0.04–0.2 µM)
while in surface waters the concentrations were higher (0.15–
0.49 µM). As indicated by the N:P molar ratio, during summer
in the Central Arctic, two nutrient regimes were identified in
the euphotic zone of the water column (Supplementary Figure
S2A). All N:P molar ratios in surface waters were below Redfield
(<16:1) indicating general nitrogen limitation. The Atlantic-
influenced ice margin in the Nansen Basin and the Laptev Sea
had N:P ratios around 10, while the more Central Arctic waters in
the Amundsen Basin had N:P ratios below 5. In sea ice, nutrient
concentrations were in general lower than in the water column
and the integrated N:P ratios were more variable. N:P ratios at
stations 335 and 349 were close to Redfield, while the rest ranged
between 5 and 11 (Supplementary Figure S2B). In melt ponds
the N:P ratio ranged between 1 and 16. The genes responsible
for nitrogen fixation could be amplified in all environments
regardless of their N:P ratio at the time of sampling.

Our RDA suggests that our current set of explanatory variables
are only able to account for just over half (∼57%) of the variation
in our nifH subcluster data (Figure 4). Salinity and silicate
increasing concentrations showed strong positive covariation,
while phosphate concentrations showed a negative covariation
with the other variables (Figure 4). Nitrate concentrations and
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FIGURE 3 | Central Arctic nifH gene diversity in summer 2012. Maximum likelihood phylogenetic tree of nifH partial amino acid sequences (104 positions)
containing representative sequences from the Central Arctic (bold) and their closest cultivated relatives (italics). The Central Arctic nifH amino acid sequences were
clustered using CD-HIT at 92% amino acid similarity to determine representative sequences. The origin of our Central Arctic representative sequences is indicated in
the name. The number of sequences represented by each CD-HIT subcluster are indicated in brackets. The station number is followed by the environment from
which it originates: Ice Top (IT), Ice Bottom (IB), Brown Ice (BI), Melt Pond (MP), Algal aggregate (AGG), Water under the ice (WUI), Surface water (SW), and Laptev
Sea (LS). The nifH subcluster assignment for each cultivated diazotroph is indicated after the name. Branch lengths were determined using the LG protein
substitution model as recommended by RAxML Version 8. The percentage of calculated trees in which sequences clustered together in the bootstrap test (1000
replicates) is shown next to the branch as a purple circle when greater than 50% (smallest circle corresponds to 50% and greater to 100%). GenBank accession
numbers for the 43 representative sequences are in parenthesis after the sequence name.
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FIGURE 4 | Redundancy analysis (RDA) of nifH subcluster presence absence in Central Arctic samples and environmental variables. Environmental
variables: temperature, salinity, nitrate, phosphate and silicate were standardized by z-scoring prior to RDA. The red circles represent the different samples and the
intensity of the color indicates if there is one (light red) or many (dark red) samples at that coordinate in the plot. Sample names in red correspond to those in
Supplementary Table S1. The black labels correspond to the different subclusters of nifH (Cluster number 1, 2, 3, or 4; and the subcluster letter A-K). The
explanatory variables constrained ∼57% of the variance in the nifH subclusters across samples. The significance of this type I scaling was 0.001 and the residuals
were mostly distributed around zero (Supplementary Figure S3).

temperature showed strong negative covariation. In general, nifH
genes are found across a wide range of temperature and nutrient
values, but with changing community structure. For example,
Laptev Sea samples, containing sequences from subclusters 1A
(Deltaproteobacteria) and 2A (Firmicutes and Bacteroidetes), were
more associated with increased temperatures and decreased
nitrate concentrations relative to the other samples analyzed
(Figure 4). The presence of cyanobacterial nifH genes at the
upper layer of the ice at station 224 (labeled as 224IT in Figure 4),
is associated with the high phosphate concentrations.

Diazotroph and Total Microbial
Community Diversity Patterns in
Different Environments in the Central
Arctic
Comparing the distribution of the nifH subclusters across the
Central Arctic environments sampled, we observed differences
between the Laptev Sea open waters and the sea-ice related
environments. According to the dissimilarities between the nifH
subclusters present in each sample, we detected a cluster of Laptev

Sea samples that was distinctly separate from samples from sea
ice environments (Figure 5A) (ANOSIM R = 0.46; Post hoc
test p = 0.003). The rarefaction curve for each environment
(Supplementary Figure S4A) shows that the Laptev Sea is under
sampled, but the abundant types that we captured (represented
in the panels for Hill numbers 1 and 2) were very different
from the others. In addition, the 16S rRNA analysis also shows
that the total bacterial community of the Laptev Sea is different
from the sea-ice related environments (Figure 5B). However,
in this case, the Laptev Sea clusters together with the other
surface water samples, which is not the case for the diazotrophic
community. The ice top environment and the Laptev Sea open
water communities (ANOSIM R = 0.90; p = 0.014) showed
moderate differences, as well as the ice top and the ice-covered
surface waters (ANOSIM R= 0.94; p= 0.005).

Sea ice and Laptev Sea open waters had the largest number
of unique representative sequences. These two environments had
four nifH subclusters in common (1A, 1K, 1P, and 2C) (Figure 2).
Most of the recovered nifH sequences in the top half of the
ice belonged to subclusters 1G and 1K, which contain Gamma-
and Alphaproteobacteria, respectively. We detected the greatest
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FIGURE 5 | Dissimilarities between the diazotrophic communities (A) and the entire bacterial communities (B) of different Central Arctic environments. Laptev
Sea (LS) samples are in dark blue, Ice Top (IT) in brown, Ice bottom (IB) in yellow, Surface waters (SW) in blue, Melt Ponds (MP) in light blue, and ice algal aggregate
in green. Points within each group are connected to their group centroid with a spider diagram. The light pink ellipses show 95% dispersion of each group. (A) Two
dimensional NMDS ordination plot of Jaccard dissimilarities based on the presence absence of nifH subclusters in each sample. The stress of the plot is 0.08. An
ANOSIM post hoc test showed that the Laptev Sea samples are significantly different from the sea-ice environment samples (R = 0.46, p = 0.003). Individual p
values were Bonferroni corrected. (B) Two dimensional NMDS ordination plot of Bray-Curtis dissimilarities based on the relative abundances of ARISA OTUs. The
stress of the plot is 0.13. An ANOSIM post hoc test showed strong dissimilarities between the Surface Water and the Ice Top samples (R = 0.94, p = 0.005) as well
as the Laptev Sea and Ice Top samples (R = 0.90, p = 0.014). Individual p-values were Bonferroni corrected.

number of unique representative sequences in samples acquired
from the lower portion of the ice, which contained sequences
affiliated with subcluster 1A (Deltaproteobacteria) and Cluster III
(Figure 2). Melt ponds, formed on top of the ice, only shared
1G subcluster sequences with the upper part of the ice, and
additionally contained sequences from Cluster III (Figure 2).
We detected sequences from subcluster 1G and from Cluster
III – also found in our melt pond samples – in our samples
of algal aggregates. These aggregates were primarily composed
of algal species associated with sea ice. However, at a higher
phylogenetic resolution, sequences in Cluster III differed between
both environments (Figure 3).

More than half of the nifH sequences retrieved from water
collected below the ice clustered together with sequences from
the bottom part of the ice, an anticipated result because these
two environments are in constant connection. However, the
rest of the sequences detected in our water samples belonged
to subclusters not detected in ice or melt pond samples:
1F (Epsilonproteobacteria), 1O (Gammaproteobacteria) and 2B
(Archaea). The 1F subcluster also appeared in the open water
samples from the Laptev Sea region (latitudes 77–79◦N). The
major subclusters present in our Laptev Sea open water samples
were 1A and 2A. Subcluster 1A contains non-sulfate reducing
Deltaproteobacteria such as Geobacter sp. and subcluster 2A
contains fermenting bacteria from the genus Pelosinus and

Paludibacter. Deltaproteobacteria from Cluster III composed
around 20% of the sequences from open waters (Figure 2).

Comparison of Central Arctic
Diazotrophic Communities across
Adjacent Polar Environments and
Oceanic Regions
The diazotrophic community of the Central Arctic is highly
dissimilar to all other regions and environments we compared
it to as unweighted unifrac distances were the highest (0.85–
0.78), when the other regions were between (0.75–0.58)
(Supplementary Table S2). At 97% nucleotide identity almost
no sequences from different oceanic regions clustered together
(Figure 6). Only five phylotypes were shared between the
North Atlantic and the Subtropical Atlantic (Figure 6). The
nifH diversity in sea ice, melt ponds and surface waters of the
Central Arctic is different from the coastal Canadian Arctic
marine diazotrophic community (Mackenzie river, Baffin bay)
(Figure 7). Furthermore, it also differs from the sea ice, snow
and water column communities from the coastal Eurasian
Arctic (close to Svalbard) (Figure 7). The rarefaction curves
show that the diversity in regions from which we acquired a
greater number of sequences (i.e., the Central Arctic, the North
Atlantic and the Subtropical Atlantic) appears to have been
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FIGURE 6 | Maximum likelihood phylogenetic tree of nifH partial amino acid sequences including sequences from the Central Arctic (this study), as
well as other oceanic regions and similar cold environments. Maximum likelihood tree of the 243 representative sequences clustered using CD-HIT EST (Li
and Godzik, 2006) at 97% nucleotide similarity (Turk-Kubo et al., 2014) built using RAxML V8.1. The best performing model was the WAG matrix substitution model
and we performed 1000 bootstraps. The tree and its associated metadata were visualized using iTOL (Letunik and Bork, 2007). The colored strips indicates the
origin of the sequences represented by each representative sequence shown in the tree. From the 243 representative sequences, 86 contained sequences
exclusively from the Central Arctic (pink), 19 from the Canadian Arctic (Blais et al., 2012) (orange), 20 from the coastal Eurasian Basin (Díez et al., 2012) (light blue),
16 from the Arctic tundra (Izquierdo and Nüsslein, 2006) (yellow), from the Antarctic ice shelf (Olson et al., 1998; Jungblut and Neilan, 2010) (black), 51 from the
North Atlantic (Turk et al., 2011) (dark blue), and 26 from the subtropical Atlantic (Langlois et al., 2005) (green). Note that the North Atlantic and the Subtropical
Atlantic shared five representative sequences and the Eurasian Basin and the Subtropical Atlantic share one. The four clusters of nifH classification are marked in
blue (Cluster I), red (Cluster II), yellow (Cluster III) and purple (Cluster IV). Cluster I subclusters (1A, 1B, 1K, 1G, etc) are indicated close to their node.

reasonably well sampled (Supplementary Figure S4B). However,
the other oceanic regions are still in the rapid accumulation
phase of their respective curves and deeper sequencing is
likely to strongly affect their diversity profiles (Supplementary
Figure S4B). We therefore place more interpretive weight on

dissimilarities between our well-sampled regions (marked in
the dissimilarities Supplementary Table S2), while noting that
dissimilarities bearing on the Arctic tundra, Canadian Arctic,
Eurasian Basin and Antarctic might be subject to change when
the sampling effort is increased.
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FIGURE 7 | Dissimilarities between different oceanic regions based on their nifH phylogenetic signature. Plot of the first two principal coordinate axes of
the Principal coordinates analysis (PCoA) derived from the Unifrac distances between different oceanic regions included in the maximum likelihood tree (Figure 6).
The further away the samples are, the more dissimilar they are in terms of nifH phylogenetic signature. An automatic correction for negative eigenvalues was used.
A cluster dendrogram is superimposed. The lines indicate the strength of the dissimilarity. Oceanic regions connected with a solid line have a dissimilarity less than
0.69 (Supplementary Table S2). The dashed line indicates a dissimilarity of 0.76 and the doted line between the Central Arctic and the subtropical Atlantic indicates
the maximum dissimilarity of 0.85 (Supplementary Table S2). The number of representative sequences (97% nucleotide identity) from each oceanic region included in
the analysis is indicated next to the region’s name.

DISCUSSION

Distribution of Diazotrophs in the Central
Arctic Ocean
Confirming our first hypothesis, we found putative diazotrophs
in the nitrogen-limited sea ice and waters of the Central Arctic
Ocean (77–89◦N). Most of the nifH sequences retrieved were
non-cyanobacterial diazotrophs, mainly distributed between
Cluster I and III as the bacterial phylotypes described in the
marine Arctic studies by Farnelid et al. (2011), Blais et al.
(2012), and Díez et al. (2012). All prominent nitrogen-fixing
taxa at the subclade level present in other oceans were also
present in the Central Arctic Ocean. However, most of the
nifH genes amplified in the Central Arctic belonged to non-
cyanobacterial diazotrophs, while cyanobacteria were under-
represented. Previous Arctic diazotroph diversity studies also
retrieved only a few cyanobacterial phylotypes. Cyanothece sp.
and Trichodesmium sp., were found in the coastal Eurasian Basin
in early May (Díez et al., 2012) and Nostocales sp., was found
in the Beaufort Sea in July–August (Blais et al., 2012). The fact
that we recovered only a single cyanobacterial phylotype in late
summer, Nodularia sp., a cyanobacterial genus that contributes
to nitrogen fixation in the Baltic Sea (Bostrom et al., 2007).,
is consistent with the results of Farnelid et al. (2011), who
observed that their Arctic station sampled in July (in Baffin Bay)
only yielded non-cyanobacterial diazotrophs from Cluster III.
This implies that cyanobacterial diazotrophs may not thrive in

Central Arctic waters late in the productive season, far away
from the coast line where there is riverine influence. However,
nifH clone-library based approaches need to be interpreted
with caution due to possible primer bias toward certain non-
cyanobacterial diazotrophs (Turk et al., 2011; Turk-Kubo et al.,
2015). Furthermore, the use of cyanobacteria-selective primers
by Díez et al. (2012) might explain the high cyanobacterial
diazotroph diversity reported in their study, compared to others.

The non-cyanobacterial diazotrophic community inhabiting
the water column in the Central Arctic Ocean was dominated by
Cluster I sequences: mainly Alphaproteobacteria (subcluster 1K)
and Deltaproteobacteria (subcluster 1G) (Figure 2). While Alpha-
and Gammaproteobacteria dominated non-cyanobacterial
diazotrophic assemblages in the Atlantic and Pacific Oceans
(Falcón et al., 2004; Langlois et al., 2005) and were present in
lower abundances in the water column above the Canadian
Arctic shelves (Blais et al., 2012). Sequences related to anaerobic
bacteria (Cluster III) made up to 20% of under ice and open
water communities in the Central Arctic (Figure 2). Cluster III
sequences were once thought to be rare in brackish or marine
surface waters (Moisander et al., 2007), but they are increasingly
being recovered from ocean waters (Langlois et al., 2008; Turk-
Kubo et al., 2014) including the Canadian Arctic shelf region
(Farnelid et al., 2011).

Among the sea-ice related environments studied, floating
aggregates are conglomerations of sea ice diatoms sticking
together in a mucous matrix that can have an anoxic interior
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and, therefore, have the potential to provide an environment for
anaerobic processes such as denitrification and nitrogen fixation
(Fernández-Méndez et al., 2014b; Lehto et al., 2014). Therefore,
it is important to study nifH diversity in this environment.
It is difficult to infer phylogeny from Cluster III sequences;
however, some of our sequences were closely related to cultivated
Deltaproteobacteria (Figure 3). For example, nine sequences
retrieved from the floating algal aggregate (AGG) were related
(88% aa similarity) to the genus Desulfovibrio, a common genus
in marine coastal sediments and anoxic zones (Herbert, 1999).
These aggregates form in late summer below melting sea-ice
(Assmy et al., 2013; Fernández-Méndez et al., 2014b) and are
not connected with coastal areas at the time of formation. This
could indicate that their anaerobic bacterial community does not
originate from coastal sediments.

Impact of Temperature and Nutrient
Concentrations on Arctic Diazotrophs
The low temperatures and wide range of salinities present
in sea ice environments shape their bacterial communities,
leading to class-level differences between sea ice and water
column communities (Boetius et al., 2015). To further test
our first hypothesis regarding the presence of diazotrophs
in the Central Arctic, we explored if the distribution and
diversity of cyanobacterial and non-cyanobacterial diazotrophs
was restricted by low temperatures or a specific nutrient ratio.
During our cruise in August–September 2012, which covered
a temperature gradient ranging from −1.7 to 3◦C, nitrogen
fixation genes from putative non-cyanobacterial diazotrophs
were consistently amplified. This indicates that temperature
limitation did not exclude non-cyanobacterial diazotrophs, an
observation in agreement with previous studies (Farnelid et al.,
2011; Blais et al., 2012; Díez et al., 2012). Non-cyanobacterial
diazotrophs are known to thrive at low water temperatures
(Riemann et al., 2010) and have been reported to be relevant for
nitrogen fixation in other warmer oligotrophic oceans (Bombar
et al., 2013; Moisander et al., 2014) and in the Baltic Sea
(Farnelid et al., 2013). Increasing temperature seems to be
linked to the structure of diazotroph community composition
in the Laptev Sea samples (Figure 4) and could imply that a
shift in surface water temperatures in the Arctic Ocean may
have corresponding consequences on the regional diazotroph
community. For example, non-cyanobacterial nifH subclusters
1A (Geobacter) and 2A (Pelosinus and Paludibacter) seem to
be linked to increased temperatures (Figure 4). However, we
are aware of the instability of our RDA solution due to the
low number of sequences in our dataset and it is possible that
deeper and more even sequencing will reveal somewhat different
relationships.

The temperature ranges and optima of nitrogenase activities
are only known for a few nitrogen-fixing cyanobacteria, such
as Trichodesmium (Breitbarth et al., 2006) and Cyanothece
(Brauer et al., 2013), which grow better at warm temperatures.
Putative nitrogen-fixing cyanobacteria were only amplified in
one sample in the Central Arctic Ocean (upper part of the ice
at −0.2◦C), supporting previous hypotheses that this group of
nitrogen-fixers has not realized a niche in ice-covered polar open

oceans (Murphy and Haugen, 1985; Koh et al., 2012b). However,
other nitrogen-fixing cyanobacteria have been detected in snow
(Harding et al., 2011; Boetius et al., 2015), glacial environments
(Yallop et al., 2012; Vonnahme et al., 2015), hydrothermal
vents (Mehta et al., 2003), and in other cold environments,
such as Antarctic lakes (Olson et al., 1998) and sea ice (Koh
et al., 2012a). Therefore, it remains unclear why they have not
populated nitrogen-limited marine Arctic waters. The absence
of cyanobacterial sequences in most of our samples might be
due to undersampling (Supplementary Figure S4A), or to the
primer bias of the primers we used toward non-cyanobacterial
phylotypes (Turk-Kubo et al., 2015). However, the fact that
cyanobacteria are rare in waters of the Arctic Ocean close to the
ice (Lovejoy et al., 2002; Sherr et al., 2003) supports our findings.

Besides temperature, nutrient availability also plays a role
in the occurrence of diazotrophs. The N:P ratios in surface
waters of the Eurasian Basin range between 11 and 16 (Sakshaug
et al., 2004). However, in summer the ratio can drop to 2–10,
particularly in the Central Arctic north of 80◦N (Supplementary
Figure S2A), where nitrate availability limits algal growth
(Fernández-Méndez et al., 2015). Silicate, which can also be
limiting for diatom growth at the end of the productive season,
showed no direct impact on nifH diversity. The nifH profile
of the sample where we found cyanobacterial diazotrophs was
associated with high phosphate concentrations supporting the
low N:P hypothesis for autotrophic diazotrophs. In Central Arctic
sea ice the occurrence of nitrogen-fixing cyanobacteria, such as
Nodularia sp., seems to be driven by phosphate concentrations.
However, as discussed previously this is a preliminary conclusion
based on the very scarce data available at the moment.

We could retrieve nifH genes mostly of non-cyanobacterial
putative diazotrophs from environments with a wide range of
physical and chemical conditions, including summer sea ice with
high N:P molar ratio (>16) and low salinities (0.5–3.6), and
surface seawaters with low temperatures (−1.7◦C) and higher
salinity (33). Further research is required to determine whether
any of the putative diazotrophs detected in this study are actively
transcribing the nif operon and fixing nitrogen in the water, sea
ice, and melt ponds of the Eurasian Basin.

The Origin of Marine Diazotrophs in the
Central Arctic
Our second hypothesis was that putative diazotrophs in Central
Arctic sea ice would come from the coastal areas influenced by
rivers, such as the Lena River. The Lena River is a source of
organic matter and iron that could provide favorable conditions
for nitrogen fixation in the Laptev Sea (Lara et al., 1998). Our
results, however, show a distinct entire bacterial community
and diazotrophic subcommunity in the Laptev Sea region, close
to the Lena Delta, when compared to that present in sea ice
communities (Figure 5).

The ice floes sampled at the end of the productive season
were formed during freeze-up or in polynyas located along
the fast ice edge in the Laptev and Kara seas (Supplementary
Figure S5). This, together with winds that might transport
dust and microorganisms offshore (Harding et al., 2011), might
explain the high relative abundance of nifH sequences related
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to Bradyrhizobium sp. (Alphaproteobacteria 1K subcluster).
Bradyrhizobium sp. is a symbiotic soil bacterium present in the
nodules of leguminous plants (Hennecke, 1990), that can also
fix nitrogen as free-living bacteria (Dreyfus et al., 1988), and
is likely to be transported by rivers or wind. Indeed it has
also been found in surface waters of the Mediterranean Sea
(Le Moal et al., 2011). Some sea ice sequences clustered with
the endospore-forming Paenibacillus (subcluster 1E) that has
also been found in high Arctic soils (Jordan et al., 1978). In
both environments, polar soils and sea ice, high salinities can
be reached in pore fluids (Tedrow, 1966; Ewert and Deming,
2014), favoring halotolerant diazotrophs. Therefore, halotolerant
diazotrophs can be expected. However, the riverine adapted
freshwater diazotrophic bacteria are unlikely to thrive in the
marine environment partially due to its high salinity (Fernandes
et al., 1993). Subcluster 1F, which was present in both waters
under the ice and those of the Laptev Sea, includes diazotrophs
from the genus Arcobacter which is known to occur in roots of
salt marsh plants, but also in sulfidic environments such as cold
seeps and hydrothermal vents (Mehta et al., 2003). The dispersal
of this genus from the soil of Arctic coastal areas to the Central
Arctic is possible although other mechanisms might occur.

Overall, our assays of microbial communities based on the 16S
rRNA gene and the nifH gene showed little support for the notion
of the riverine origins of Central Arctic diazotrophs: the most
abundant types in the bacterial and diazotrophic communities
of the Laptev Sea water were notably dissimilar to those of
Central Arctic sea ice and those present in the water under
the ice. Sequences retrieved from brown ice (due to a high a
concentration of phaeopigments from diatoms and possibly some
sediments) are an exception: these clustered with sequences from
the Laptev Sea waters. The subcluster represented by sequence
317LS_003 from the Laptev Sea in Figure 3 includes sequences
from sample 335BI (brown ice from station 335). Hence, a coastal
(land or riverine) origin of the putative diazotrophs and other
microbes in the Central Arctic is possible, but our data indicates
that it is not likely the main process for diazotroph dispersal in
the Eurasian Basin.

The Distinct Diazotroph Community of
the Central Arctic Ocean
To assess potential causes of dissimilarity on the basis of the
limited data set available, we grouped all available sequences
from the Central Arctic, coming from different environments,
and compared them to sequences from other oceanic regions and
polar environments such as microbial mats in Antarctic lakes
or Arctic tundra soils (Figure 6). This comparison assumes that
the variability between the different environmental types in one
region has a smaller effect than the variability between regions
in the phylogenetic signal of nifH caused by the environment
type.

The Eurasian Arctic communities were more similar to the
North Atlantic and Subtropical Atlantic communities than to
the Canadian Arctic (Figure 7). This is to be expected since
these oceanic regions are tightly connected through the Fram
Strait. The Arctic tundra soil communities were similar to
communities isolated from Antarctic lake microbial mats at

the nifH subcluster level. These Antarctic microbial mats were
described as submerged in sediments of a meltwater pond in the
McMurdo ice shelf (Jungblut and Neilan, 2010), or embedded
in the permanent ice cover of Lake Bonney in the Antarctic
McMurdo Dry Valley in summer (Olson et al., 1998). This
indicates that soil-related communities have higher similarity
to one another than to marine environments with similar
temperature conditions. However, the dissimilarities between the
Arctic tundra, the Antarctic and the Canadian Arctic must be
interpreted with caution since the nifH diversity in these regions
is under sampled (Supplementary Figure S4B).

Despite the limitations of this preliminary comparative study
due to limited data, the Central Arctic diazotrophic community
appears to have a different phylogenetic composition from
adjacent regions and similar cold environments (Figure 7).
Furthermore, our nifH gene analysis and the ITS region
analysis (Figures 5A,B) indicate that Central Arctic sea ice
environments harbor a microbial community distinct from
that of the water column. We also noted that the marine
diazotrophic communities in the Arctic were distinct from
the terrestrial diazotrophic communities of the Arctic tundra
(Izquierdo and Nüsslein, 2006) and the Antarctic ice shelf (Olson
et al., 1998; Jungblut and Neilan, 2010). This bacterial Central
Arctic endemism seems to be also reflected in the eukaryotic
composition after the polar night when no phototrophs are
dominating (Bachy et al., 2011). The diazotrophic communities
of the Eurasian Arctic north of Svalbard (Díez et al., 2012),
the North Atlantic (Turk et al., 2011) and the Subtropical
Atlantic (Langlois et al., 2005) appeared similar to one
another. This similarity is probably due to the presence of
shared phylotypes (5 CD-HIT clusters 97% nucleotide identity
contained sequences from the North Atlantic and the Subtropical
Atlantic) and of cyanobacterial diazotrophs in these regions
(Figure 6). One should note that Diez et al. (2012) used slightly
different primers from all other studies and this might be
partially responsible for the dissimilarities between the Eurasian
Basin and the other regions. As more nifH sequences from
different Arctic environments and regions will be added to the
nifH database, more robust conclusions can be drawn from
comparisons of diazotrophic community composition among
different environments. For example, although cyanobacteria
have been found thriving on glaciers and snow (Harding
et al., 2011; Yallop et al., 2012) no analyses of nifH diversity
were performed during these studies. Nevertheless, our initial
comparisons, which included all currently available diazotroph
sequences in the Arctic, strongly suggest that the Central
Arctic Ocean harbors a community of putative diazotrophic
microorganisms, which is distinct to those present in other
oceanic regions and similarly cold environments.

CONCLUSION AND OUTLOOK

This study reveals the potential for nitrogen fixation far
away from the coastal shelves in the Central Arctic, where
diazotrophs were previously not detected. Nitrogen availability
in the euphotic zone constrains the potential increase of
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primary production especially in the central oligotrophic basins
(Tremblay et al., 2015). Hence it is relevant to better understand
the role of nitrogen fixers. Most of the nifH sequences
retrieved belonged to putative non-cyanobacterial diazotrophs
from Clusters I and III while diazotrophic cyanobacteria were
rare. The origin of the sea-ice diazotrophic community in the
Central Arctic seems to be marine and not riverine, since
we found significant differences between the river-influenced
Laptev Sea communities, and the sea-ice related diazotrophic
communities. Assuming that the upper limit of nitrogen fixation
estimated by Blais et al. (2012) in the Canadian Arctic (up to
0.14 nmol N L−1 d−1 transformed to carbon using a C:N ratio
of 7.3: 0.6 mg C m−2 d−1) would also take place in the Central
Arctic, the nitrogen fixed by the diazotrophs could sustain ∼7%
of the new primary production in the region (9.4 ± 3.6 g C m−2

year−1, Fernández-Méndez et al., 2015). However, the presence
and diversity of diazotrophs does not imply high nitrogen fixation
rates (Moisander et al., 2007). With current trends of warming
in Arctic waters (Polyakov et al., 2010; IPCC, 2013), higher
marine nitrogen fixation rates can be expected in summer ice-free
waters (Blais et al., 2012). However, the real contribution of these
diazotrophs to nitrogen fixation still needs to be assessed before
any further conclusions can be drawn regarding their role in the
ecosystem and relevance for Arctic primary production.
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Filamentous diazotrophic Cyanobacteria of the genus Trichodesmium, often found in

colonial form, provide an important source of new nitrogen to tropical and subtropical

marine ecosystems. Colonies are composed of several clades of Trichodesmium in

association with a diverse community of bacterial and eukaryotic epibionts. We used

high-throughput 16S rRNA and nifH gene sequencing, carbon (C) and dinitrogen (N2)

fixation assays, and metagenomics to describe the diversity and functional potential

of the microbiome associated with Trichodesmium colonies collected from the North

Pacific Subtropical Gyre (NPSG). The 16S rRNA and nifH gene sequences from

hand-picked colonies were predominantly (>99%) from Trichodesmium Clade I (i.e.,

T. thiebautii), which is phylogenetically and ecologically distinct from the Clade III

IMS101 isolate used in most laboratory studies. The bacterial epibiont communities

were dominated by Bacteroidetes, Alphaproteobacteria, and Gammaproteobacteria,

including several taxa with a known preference for surface attachment, and were

relatively depleted in the unicellular Cyanobacteria and small photoheterotrophic

bacteria that dominate NPSG surface waters. Sequencing the nifH gene (encoding a

subcomponent of the nitrogenase enzyme) identified non-Trichodesmium diazotrophs

that clustered predominantly among the Cluster III nifH sequence-types that includes

putative anaerobic diazotrophs. Trichodesmium colonies may represent an important

habitat for these Cluster III diazotrophs, which were relatively rare in the surrounding

seawater. Sequence analyses of nifH gene transcripts revealed several cyanobacterial

groups, including heterocystous Richelia, associated with the colonies. Both the

16S rRNA and nifH datasets indicated strong differences between Trichodesmium

epibionts and picoplankton in the surrounding seawater, and also between the epibionts

inhabiting Trichodesmium puff and tuft colony morphologies. Metagenomic and 16S

rRNA gene sequence analyses suggested that lineages typically associated with a

copiotrophic lifestyle comprised a large fraction of colony-associated epibionts, in

contrast to the streamlined genomes typical of bacterioplankton in these oligotrophic

waters. Additionally, epibiont metagenomes were enriched in specific genes involved in

phosphate and iron acquisition and denitrification pathways relative to surface seawater

metagenomes. We propose that the unique microbial consortium inhabiting colonies has

a significant impact on the biogeochemical functioning of Trichodesmium colonies in

pelagic environments.

Keywords: Trichodesmium, marine microbiome, nifH diversity, heterotrophic marine diazotrophs, metagenomics,

16S rRNA, nitrogen fixation
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INTRODUCTION

The filamentous, dinitrogen (N2)-fixing (diazotrophic)
cyanobacterium Trichodesmium provides a major source
of bioavailable nitrogen (N) to the oligotrophic subtropical
and tropical oceans (Karl et al., 2002; Capone et al., 2005).
Trichodesmium abundances and N2 fixation rates have been
integral components of global N2 fixation estimates and models
(e.g., Coles et al., 2004; Mahaffey et al., 2005); thus, an accurate
understanding of the physiology and ecology of this genus is
crucial. Most Trichodesmium laboratory studies have used a
single isolate, T. erythraeum strain IMS101, grown in culture
with minimal heterotrophic bacteria. In contrast, natural
Trichodesmium populations are composed of species from four
known phylogenetically distinct clades (Hynes et al., 2012),
which can vary in physiological traits, such as carbon (C) affinity
and phosphonate biosynthesis (Dyhrman et al., 2009; Hutchins
et al., 2013). Furthermore, in nature they are commonly found
associated with attached microorganisms (Borstad and Borstad,
1977). The diversity of this complex community likely affects
the overall functioning of colonies (Gradoville et al., 2014), yet
few studies have examined the ecology of Trichodesmium species
and associated epibionts (although see Hmelo et al., 2012; Rouco
et al., 2016).

Trichodesmium cells exist as free filaments or aggregate
colonies (Letelier and Karl, 1996) with varying morphologies,
namely spherical “puffs” and fusiform “tufts.” These colonies
have been reported to maintain an active and diverse
assemblage of attached organisms, including bacteria, eukaryotic
phytoplankton, protozoa, fungi, and copepods (Borstad and
Borstad, 1977; Sheridan et al., 2002). Trichodesmium colonies
constitute a favorable environment for associated epibionts by
providing buoyancy (Walsby, 1992), elevated concentrations of
dissolved organic N (Capone et al., 1994), and a substrate for
attachment (O’Neil, 1998). Recent studies using 16S rRNA gene
sequencing have shown that Trichodesmium-associated bacterial
epibionts include surface-associated taxa (Hmelo et al., 2012)
and that selective processes appear to drive epibiont community
structure (Rouco et al., 2016).

Less is known about how associated microorganisms affect
the functioning of the Trichodesmium holobiont. Trichodesmium
colonies appear to be hotspots for microbial activity: hydrolytic
enzyme activities are elevated within colonies (Stihl et al.,
2001; Sheridan et al., 2002) and a metatranscriptome from
Trichodesmium bloom material recovered more transcripts from
associated organisms than from Trichodesmium cells (Hewson
et al., 2009). Microbial processes carried out by associated
microorganisms have the potential to influence rates of N2 or
C fixation. For instance, quorum sensing by associated bacteria
can increase alkaline phosphatase activity within colonies (Van
Mooy et al., 2011), which could stimulate Trichodesmium
dissolved organic phosphorus utilization, thereby increasing N2

fixation rates when phosphate is limiting. Likewise, specific
epibiont bacteria may secrete siderophores, chelating iron which
could subsequently become bioavailable to Trichodesmium after
photodegradation (Roe et al., 2012). Associated microorganisms
may also directly contribute to the fixation of C and/or

N2. Phototrophs including filamentous Cyanobacteria (Siddiqui
et al., 1992) and diatoms (Borstad and Borstad, 1977) have
historically been observed within Trichodesmium colonies. More
recently, heterocystous cyanobacterial diazotrophs have been
observed within Trichodesmium colonies (Momper et al., 2015)
and nifH genes (encoding a subcomponent of the nitrogenase
enzyme) phylogenetically clustering among facultative anaerobes
and aerobic heterotrophic bacteria have been retrieved from
Trichodesmium colonies (Gradoville et al., 2014). The degree to
which these associated diazotrophs contribute to bulk colony N2

fixation rates is unknown.
Here, we examine the microbiome associated with

Trichodesmium colonies collected from the North Pacific
Subtropical Gyre (NPSG). We used a combined approach
of high-throughput 16S rRNA and nifH gene sequencing,
metagenomics, and 13C and 15N2 fixation assays to survey
the diversity of the Trichodesmium holobiont, test for the
presence and activity of non-Trichodesmium colony-associated
diazotrophs, and explore the functional potential of the
colonies. We compare the colony-associated microbiome
to the microbial community structure and metagenomic
composition of surrounding seawater, revealing diverse and
unique microbial structure and functional potential associated
with Trichodesmium colonies.

METHODS

Sample Collection
Samples were collected in March 2014 aboard the R/V Kilo
Moana at Stn. ALOHA (A Long-term Oligotrophic Habitat
Assessment; 22.45◦N, 158◦W), an open-ocean field site ∼100
km north of Oahu (Table 1). Trichodesmium colonies were
collected using a 202 µm plankton net which was hand-
towed at <2 kmh−1 through near-surface waters (<10m depth)
for 10–15min. Once recovered, colonies were isolated using
an inoculating loop and rinsed twice with 0.2 µm-filtered
surface seawater prior to all analyses. Colonies were sorted into
morphological classes of spherical “puffs” (further divided into
“radial puffs” and “non-radial puffs” on 23 Mar), fusiform “tufts,”
and “mixed” morphologies (Figure 1), and either filtered for
subsequent extraction of DNA and RNA or used for C and
N2 fixation measurements. Additionally, bulk seawater from
25m depth was collected for comparison with Trichodesmium
colony DNA. Seawater samples were collected using sampling
bottles attached to a CTD (conductivity, temperature, depth)
rosette, and subsampled into 4 L acid-washed, MilliQ-rinsed
polycarbonate bottles prior to filtration.

Carbon and Nitrogen Fixation Rates
Carbon (C) and dinitrogen (N2) fixation rates were measured
using the 13C method of Legendre and Gosselin (1997) and
a modification of the 15N2 uptake method of Montoya et al.
(1996) to avoid delayed bubble dissolution (Mohr et al., 2010;
Wilson et al., 2012). 15N2 was added to incubations via 15N2-
enriched seawater, which was prepared onshore ∼1 week prior
to departure using Stn. ALOHA surface seawater according to
the methods of Wilson et al. (2012). Briefly, seawater was 0.2
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TABLE 1 | Summary and environmental conditions for sampling dates during a March 2014 cruise at Stn. ALOHA.

Date SST (◦C) Chl (µg L−1) Morphologies used Measurements C fixation rate

(nmol C µmol C−1 h−1)

N2 fixation rate

(nmol N µmol C−1 h−1)

12 Mar 24.2 0.16 25m seawater only DNA ND ND

13 Mar 24.2 0.15 Puff, tuft DNA ND ND

14 Mar 24.1 0.16 Puff, tuft DNA, RNA, rates Puff: 7.9 (1.2) Tuft: 7.2 (0.6) Puff: 0.02 (0.003) Tuft: 0.01 (0.004)

18 Mar 23.8 0.25 25m seawater only DNA ND ND

20 Mar 23.8 0.22 Mixed DNA, rates 9.1 (1.8) 0.09 (0.05)

21 Mar 23.8 0.21 Puff, tuft DNA, RNA ND ND

22 Mar 23.8 0.20 Mixed DNA, RNA, rates 10.1 (1.9) 0.14 (0.08)

23 Mar 23.8 0.18 Mixed Rates 9.7 (1.5) 0.17 (0.05)

23 Mar 23.9 0.11 R puff, NR puff, tuft DNA, microscopy ND ND

All samples were collected pre-dawn, with the exception of 23 Mar 2014, when samples were collected mid-afternoon. Sea surface temperature (SST) and surface chlorophyll

fluorescence (Chl) were measured at 25m depth using conductivity-temperature-depth sensors. Rates represent averages of duplicate incubation bottles, with standard deviations

in parentheses. R denotes radial; NR denotes non-radial (see Figure 1); ND indicates not determined.

FIGURE 1 | Examples of Trichodesmium colonies sorted into the morphological classes “radial puffs” (A), “non-radial puffs” (B), and “tufts” (C) on 23 Mar 2014. On all

other collection days, “puffs” designate mixtures of morphotypes (A,B), “tufts” designate morphotype (C), and “mixed” designates mixtures of all morphotypes.

µm-filtered and degassed, then dispensed into gas-tight 3 L PTFE
bags (Welch Fluorocarbon); 12.9 mL−L 15N2 gas (Cambridge
Isotopes, 99%) was injected into the bag, which was manually
agitated to facilitate dissolution. This 15N2-enriched seawater was
dispensed into glass serum bottles, which were capped, crimped,
and stored at 4◦C until use. The 15N2 content of enriched
seawater was validated via Membrane Inlet Mass Spectrometry
according to the methods of Böttjer et al. (2017).

For the incubations, 20–30 colonies were transferred into
37mL glass serum bottles filled with 0.2 µm-filtered surface
seawater. Samples were spiked with 4mL 15N2-enriched seawater
and 0.5mL of 48 mmol L−1 13C bicarbonate stock, and bottles
were topped off with filtered seawater, capped with Viton
septa and aluminum caps, and crimp-sealed. Samples were
incubated from dawn to dusk (∼12 h) in flow-through deckboard
incubators with blue acrylic shading used to simulate ∼60% of
the sea-surface irradiance. Incubations were terminated by gentle
filtration onto 25mm diameter pre-combusted glass fiber filters
(Whatman GF/F). Additionally, 20–30 colonies were preserved

for duplicate δ
15N natural abundance (time-zero samples) after

each net tow. Filters were flash-frozen and shipped to Oregon
State University, where they were dried at 60◦C overnight and
packed into tin and silver capsules. Isotopic composition and
masses of particulate N and C were measured with an isotope
ratio mass spectrometer at Oregon State University. Fixation
rates were calculated according to Montoya et al. (1996) and
normalized to particulate C concentrations; thus, N2 fixation
rates are expressed as nmol N µmol C−1 d−1 rather than nmol
N2 L

−1 d−1.

Nucleic Acid Extraction, Amplification, and
Sequencing
For samples used for subsequent extraction of DNA and RNA,
20–30 Trichodesmium colonies were transferred into filtered
seawater and gently filtered onto 25mm diameter, 0.2 µm
polyethersulfone Supor filters (Pall Corporation). Samples for
subsequent extraction of planktonic DNA from 25m seawater
were filtered onto 0.2 µm Supor filters using a peristaltic pump.
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Filters were placed into empty microcentrifuge tubes (DNA) or
microcentrifuge tubes containing 0.5mL RNAlater (RNA), flash-
frozen, transported in liquid N2 to Oregon State University,
and stored at −80◦C until analysis. DNA was extracted using
the DNeasy Plant MiniKit (Qiagen), with a modified protocol
to include a freeze-fracture step and Proteinase K treatment.
RNAwas extracted using the RNeasyMiniKit (Qiagen) according
to manufacturer instructions, with additional steps for cell
disruption through flash-freezing and bead-beating filters in
mixtures of 500 µL RLT buffer, 5µL β-mercaptoethanol, and 200
µL of mixed 0.1mm and 0.5mm glass beads (Biospec products).
Possible carry-forward DNA contamination wasminimized from
RNA extracts by using the Turbo DNA-free kit (Ambion),
and extracts were quantified using a Qubit RNA HS Assay
kit (Invitrogen). Complimentary DNA (cDNA) was synthesized
using the SuperScript III First-Strand kit (Invitrogen) according
to the manufacturer’s instructions, using the nifH3 gene-specific
primer (Zani et al., 2000). DNA and cDNA were quantified with
the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen) using
a MicroMax 384 plate reading fluorometer, and extracts were
stored at−20 or−80◦C.

The polymerase chain reaction (PCR) was used to amplify a
portion of the 16S rRNA gene, targeting the entire prokaryotic
community (DNA samples only), and the nifH gene, targeting
diazotrophs (for both DNA and cDNA). All PCR reactions were
performed using a Veriti (Applied Biosystems) or DNAEngine
(BioRad) thermocycler and 10 or 20 µL reaction volumes. 16S
rRNA PCR consisted of 1X HotMasterMix (5 PRIME), 1 µL
DNA extract, and 5 pmol 515f (GTGCCAGCMGCCGCGGTAA)
and 806r (GGACTACHVGGGTWTCTAAT) primers (Caporaso
et al., 2010) which were modified to include Illumina adapters
and dual-index barcodes as described by Kozich et al. (2013).
Thermal cycling conditions for 16S rRNA gene amplifications
were: 94◦C for 3min, followed by 30 cycles of 94◦C for 45 s, 50◦C
for 60 s, and 72◦C for 90 s, with a final 72◦C extension for 10min.

The nifH gene was amplified using nested degenerate nifH
primers (Zehr and McReynolds, 1989; Zani et al., 2000). The first
round contained 1X PCR buffer, 0.1U PlatinumHigh Fidelity Taq
polymerase (Invitrogen), 200µmol L−1 dNTPs, 3% BSA, 4mmol
L−1 Mg2+, 1 µL DNA or cDNA, and 1 µmol L−1 nifH1 and
nifH2 primers (Simon et al., 2014). Reaction conditions were:
94◦C for 7min, followed by 30 cycles of 94◦C for 1 min, 57◦C
for 1min, and 72◦C for 1 min, and a final 72◦C extension for
7min. The second round of nifH PCR used the same components
and thermocycling conditions as the first round, except the DNA
extract was replaced with 1µL of the amplified product generated
during the first round PCR reaction, and custom primers were
used, consisting of gene-specific sites (nifH3 and nifH4), dual-
indexed barcodes, Illumina linkers, and a sequencing primer
binding region, similar to those described by Kozich et al. (2013;
Table S1). PCR negative controls and filter blank samples were
included in PCR reactions.

Triplicate PCR reactions were visualized by gel
electrophoresis, then pooled and quantified as above. Samples
were only sequenced if they had three successful PCR reactions,
except for PCR negative controls and filter blanks, which
were sequenced despite the absence of visual gel bands after

amplification. 16S rRNA and nifH gene amplicons were pooled
to equimolar concentrations, cleaned using both the UltraClean
PCR (MoBio) and AMPure XP Bead cleanup kits, and sequenced
at Oregon State University using MiSeq Standard v.3, 2× 300 bp
paired-end sequencing.

Metagenomes were constructed from two Trichodesmium puff
DNA samples (Figure 1). Libraries were constructed using an
Illumina Nextera XT library prep kit, and cleaned using the
AMPure XP Bead cleanup kits. Samples were sequenced on an
Illumina MiSeq using a v.3 MiSeq Reagent Kit and a 2 × 300 bp
paired-end protocol. Metagenome library preparation, cleaning,
and sequencing were carried out by the Oregon State University
Center for Genome Research and Biocomputing Center.

Bioinformatic Analyses
Sequence reads from 16S rRNA gene amplicons, nifH gene
amplicons, and metagenomes were demultiplexed using the
Illumina MiSeq Reporter (MSR) version 2.5.1. For 16S rRNA
gene sequences, primers were also removed using MSR. The
majority of 16S rRNA gene paired-end reads were merged and
screened for quality, retaining sequences between 245 and 254
bp with no ambiguities using mothur (Schloss et al., 2009). For
a subset of 16S rRNA gene samples, only forward reads were
used for phylogenetic analyses due to the poor quality of reverse
reads. The reverse primer was trimmed from forward reads,
and reads with ambiguities, homopolymers (>8 bp) or poor
quality (average score<25 or any score<20) were removed using
mothur. Finally, forward reads with lengths between 245 and 254
bp were retained and combined with the paired-end sequences
for subsequent analyses. Singletons were removed, operational
taxonomic units (OTUs) were clustered at 97% nucleotide
sequence similarity, and a chimera check was performed with the
Gold ChimeraSlayer reference database using USearch (Edgar,
2010). After quality control procedures, two of four PCR negative
controls, and one of two triplicate-pooled filter blank samples
retained a small number of sequences (8, 1496, and 21 sequences,
respectively). Taxonomy was assigned in QIIME using the Silva
v123 reference database, and sequences classified as chloroplasts,
mitochondria, Archaea, Eukaryota, or an unknown domain were
removed. Sequences were subsampled to 7,011 sequences per
sample, resulting in near-saturation for most rarefaction curves
(Figure S1). Negative control and filter blank samples contained
less sequences than this cutoff, and were thus excluded from
further analyses. Nonmetric multidimensional scaling analyses
(NMDS, via Bray-Curtis similarity) and alpha diversity metric
calculations were performed using QIIME (Caporaso et al.,
2010). This same procedure was performed on reduced datasets
containing Trichodesmium OTUs only (excluding 25m seawater
samples; rarefied to 2,248 sequences per sample) and containing
all non-Trichodesmium OTUs (rarefied to 3,128 sequences per
sample).

For nifH amplicons, though both forward and reverse
barcodes were used for demultiplexing, only forward reads were
used for phylogenetic analyses due to the poor quality of reverse
reads. Reads with ambiguities, poor quality, or homopolymers
were discarded. Forward primers were removed, sequences
were trimmed to 244 bp, and OTUs were clustered at 97%
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nucleotide sequence similarity using USearch with a de novo
chimera checker (Edgar, 2010). OTUs containing chimeras,
frameshifts, and non-nifH sequences were removed. The three
PCR negative controls contained no nifH sequences after these
quality control procedures, while two of five filter blank samples
contained a small number of sequences (1 and 330 sequences).
Sequences were subsampled to 9,651 sequences per sample,
saturating most rarefaction curves (Figure S1). Both filter blank
samples contained less sequences than this cutoff, and were
excluded from further analyses. The nifH OTUs were translated
and phylogenetically classified into nifH gene clusters (Zehr
et al., 2003) via BLAST-p similarity to a reference database of
nifH gene sequences (http://www.jzehrlab.com/#!nifh-database/
c1coj). Sequences were termed “undefined” if they had equal
amino acid similarity to sequences from multiple nifH gene
sequence-types. BLASTn searches of the National Center for
Biotechnology Information (https://blast.ncbi.nlm.nih.gov) were
also performed for select nifH and 16S rRNA gene OTUs.

Metagenome sequences were demultiplexed using the
Illumina MSR version 2.5.1. All further processing steps were
performed for the two Trichodesmium colony metagenomes
and a metagenome previously constructed from Stn. ALOHA
surface seawater DNA (15m depth, 0.2 µm pore-size filter)
on 30 July 2015 (Wilson et al., under review; NCBI BioProject
accession PRJNA358725, BioSample S37C001). Raw reads were
assembled separately for each sample using MEGAHIT (Li
et al., 2015). Assemblies were uploaded to the Joint Genome
Institute Genomes Online Database (https://gold.jgi.doe.gov/),
where coding sequences (CDS) were predicted and annotated
to the Kyoto Encyclopedia of Genes and Genomes (KEGG,
Kanehisa and Goto, 2000; Huntemann et al., 2015). Metagenome
sequences were processed according to the methods of Nalven
(2016). Sequence reads were then trimmed for quality using
seqtk (https://github.com/lh3/seqtk) and mapped back to CDS
using Bowtie 2 (Langmead and Salzberg, 2012). Counts (one for
single reads and two for paired reads mapped), CDS lengths,
and alignment lengths were extracted using SAMtools (Li et al.,
2009), and counts were normalized to account for length of

reads and length of CDS (Wagner et al., 2012). Counts within
KEGG ortholog groups (KO) were summed and normalized as
counts per million mapped to KO-annotated contigs [Genes
Per Million (GPM), Wagner et al., 2012] and as counts per
million mapped to KO-annotated contigs of known function
(designated GPMK). GPM counts were used to analyze overall
taxonomy, while GPMK were used for functional analyses.
Counts from each KO were also divided into categories assigned
to Cyanobacteria (assumed to be predominantly Trichodesmium)
and non-Cyanobacteria. Details on the assembly and annotation
of each sample are provided in Table 2.

All raw sequences are available from NCBI (accession
SRP078449). Assemblies and annotation data are available
from IMG/M ER (http://img.jgi.doe.gov/mer; Taxon OIDs
3300009572, 3300009536, and 3300010936).

Statistical Analyses
Two-way ANOVA with subsequent Tukey Honest Significant
Difference (HSD) post-hoc tests were used to test the effect of day
and sample type on N2 fixation rates and alpha diversity metrics.
The Welch Two Sample t-test was used to test for differences in
the relative proportion of puff and tuft sequences in dominant
OTUs, using the Bonferroni correction for multiple comparisons.
Both ANOVA and t-tests were performed using the program
R (http://www.r-project.org/). One-way ANOSIM tests were
used to test for significant differences in community structure
among sample types, using the program PRIMER. Detection
limits for N2 fixation rate measurements were calculated using
standard propagation of errors via the observed variability
between replicate samples as described by Gradoville et al. (2017)
(Table S2).

RESULTS

Carbon and Nitrogen Fixation Rates
Shipboard incubation experiments showed that Trichodesmium
colonies were actively fixing N2 and C. Biomass-normalized
15N2 fixation rates ranged from 0.24 to 4.16 nmol N µmol

TABLE 2 | Summary of metagenome assembly, annotation, and mapping.

Trichodesmium

non-radial puff colonies

Trichodesmium radial puff

colonies

Stn. ALOHA surface

seawater

Illumina paired-end reads 13,294,194 8,629,462 14,035,332

Contigs assembled 1,771,587 1,341,086 444,296

Weighted-average contig length (N50a) 315 bp 301 bp 539 bp

Contigs annotated to KO 454,684 290,117 330,104

Contigs annotated (%) 25.7 21.6 74.3

Counts mapped to KO 6,446,495 3,743,920 3,669,469

Counts mapped to KO of known functionb 3,664,674 2,116,212 2,550,585

Genomes per million genesb,c 417 (478) 423 (476) 823

KO of known function (%) 56.8 (57.9) 56.5 (59.6) 69.5

Trichodesmium samples were collected 23 Mar 2014; seawater sample was collected 30 July 2015. Parenthetical values represent only those KO assigned to non-Cyanobacteria.
aN50 values were generated by MEGAHIT.
bLength-corrected counts.
cAverage GPM from 29 KOs previously identified as single-copy genes (Nayfach and Pollard, 2015, Table S4).
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C−1 d−1 (Table 1); all rates were above detection limits (Table
S2). Biomass-normalized 13C fixation rates ranged from 173 to
243 nmol C µmol C−1 d−1 (Table 1). Both 15N2 and 13C rates
were normalized to C content rather than colony number due
to the known variability in the size of Trichodesmium colonies
(Letelier and Karl, 1996). These ranges are similar to previously
reported Trichodesmium colony-specific (Lomas et al., 2012) and
C-specific (Gradoville et al., 2014) N2 and C fixation rates. N2

fixation rates varied by day of sampling (two-way ANOVA, p <

0.01) but not by morphology (p > 0.05). C fixation rates did not
vary by either day or morphology (two-way ANOVA, p > 0.05).

Trichodesmium Species Diversity
The Trichodesmium species diversity within our samples was
assessed via PCR amplification and sequencing of 16S rRNA
and nifH genes. Sequences from both genes indicate that
Trichodesmium Clade I (e.g., T. thiebautii) dominated our
samples, with Clade III (e.g., T. erythraeum) representing <1%
of Trichodesmium sequences (Figure 2). The 16S rRNA gene
dataset contained 2 OTUs classified as Trichodesmium, with the
most abundant OTU classified as Clade I (16S OTU 2, 99.5%

of Trichodesmium 16S rRNA sequences). Likewise, 2 of the 3
Trichodesmium nifH gene OTUs (nifH OTU 1 and nifH OTU
27) were classified as Clade I and together comprised 99.9%
of the Trichodesmium nifH gene sequences (Figure 2). Puff,
tuft, and mixed morphology samples from 16S rRNA and nifH
genes all contained >99% Clade I Trichodesmium sequences
(Table S3), and the Trichodesmium community structure did not
vary by morphology (ANOSIM R=−0.042, p= 0.6; Figure 3C).
No sequences from the 16S rRNA or nifH gene datasets were
classified as Trichodesmium Clade II or Clade IV.

Microbial Diversity via 16S rRNA Gene
Amplicons
The microbial diversity of the Trichodesmium microbiome was
assessed using high-throughput sequencing of partial 16S rRNA
genes from 17 Trichodesmium colony samples and 4 surface
seawater samples for comparison. Trichodesmium sequences
represented 24–75% of 16S rRNA amplicons from colony
samples; the remaining 25–76% of sequences corresponded
to associated bacteria, termed epibionts (though it is possible
that a subset of these organisms were endobionts). The most

FIGURE 2 | Neighbor joining phylogenetic trees depicting the relationships between Trichodesmium OTUs (97% nucleotide similarity) from partial 16S rRNA (left) and

partial nifH (right) gene sequences, together with reference sequences from cultivated representatives (accession numbers given). Major Trichodesmium clades

(Lundgren et al., 2005) are shown in Roman numerals. Bubble plots depict the percentage of Trichodesmium DNA sequences from this study which group with each

clade, according to partial 16S rRNA (left) and partial nifH (right) amplicon datasets. Bootstrap values (1,000 replicates) of >50% are provided. Scale bars represent

nucleotide substitutions per site.

FIGURE 3 | Non-metric multi-dimensional scaling (NMDS) plots derived from the Bray–Curtis dissimilarity matrix of 16S rRNA OTUs from (A) all Trichodesmium colony

sample OTUs (7011 sequences per sample), (B) Trichodesmium colony and surface seawater samples excluding Trichodesmium OTUs (3128 sequences per

sample), and (C) Trichodesmium colony samples excluding non-Trichodesmium OTUs (2248 sequences per sample). Each point represents an individual sample.

Colors represent sample type [tuft colonies, puff colonies, mixed colonies, and bulk seawater (SW) from 25 m].
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abundant epibiotic taxa belonged to Bacteroidetes (Cytophagia,
Sphingobacteriales, and Flavobacteriales), Alphaproteobacteria
(predominantly Rhodobacteriales, Rhodospirillales, and
Rhizobiales), and Gammaproteobacteria (e.g., Marinicella
sp., Alteromonas sp., Oceanospirillales) (Figure 4, Figure S2,
Table S3). Even at broad phylum- and class-level taxonomic
groupings, the Trichodesmium epibiont community differed
from the bacterial community in the surrounding seawater:
all colonies were relatively enriched in Bacteroidetes, and puff
and mixed colony samples were enriched in Acidobacteria and
Deltaproteobacteria, compared to the surrounding seawater
(Figure 4). Additionally, some of the most abundant taxa
in NPSG near-surface seawater samples, including the
Cyanobacteria Prochlorococcus sp., and Synechococcus sp.,
the Actinobacteria Actionomarina sp., and marine groups
AEGEAN-169, SAR11, SAR86, and SAR116, were relatively
depleted or absent in Trichodesmium colony samples (Figure 4,
Figure S2). At the 97% identity level, Trichodesmium colonies

and seawater samples had few dominant epibiont OTUs (OTUs
containing >1% non-Trichodesmium sequences in samples of
either morphology) in common (Figure S2). NMDS analyses
provide further evidence that the community structure of the
epibionts was distinct from that of the surrounding seawater,
and also illustrate greater dissimilarity among Trichodesmium
samples than among surface seawater samples (ANOSIM R =

0.852, p= 0.001; Figure 3B).
The Trichodesmium epibiont community varied with

colony morphology. Trichodesmium colonies with puff
morphology (n = 8 samples) contained a smaller fraction
of Trichodesmium sequences (24–51% Trichodesmium 16S
rRNA), and thus a larger fraction of epibiont sequences, than
tuft morphologies (n = 5 samples; 57–75% Trichodesmium
16S rRNA) (Figure 4). The epibiont communities of puff
colonies contained a larger fraction of Bacteroidetes (including
Cytophagia and Saprospiraceae) and Deltaproteobacteria
(including Desulfuromonadales) than tuft colonies (Figure 4,

FIGURE 4 | Percentages of partial 16S rRNA gene sequences assigned to bacterial taxa. Percentages of sequences assigned to Trichodesmium are displayed in the

upper bar plot. The area plot displays the percentages of non-Trichodesmium sequences assigned to other bacterial taxa. Color indicates the sample

type/morphology [green, red, blue, and gray for puff colonies, tuft colonies, mixed colonies, and bulk 25m seawater (SW), respectively]. R denotes radial and NR

denotes non-radial puff morphologies (see Figure 1).
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TABLE 3 | Diversity and species richness estimates.

Sample Diversity Species richness

type (Shannon) (Chao1)

All OTUs Puff 4.5 (0.8) 268 (70)

Tuft 2.5 (0.5) 208 (58)

Mixed 3.8 (0.2) 263 (15)

SW 5.1 (0.3) 513 (55)

non-Trichodesmium

OTUs only

Puff 5.6 (0.6) 250 (66)

Tuft 4.4 (0.6) 212 (57)

Mixed 5.8 (0.3) 269 (38)

SW 5 (0.3) 426 (27)

Estimates are derived from partial 16S rRNA gene sequences using all OTUs (7011

sequences per sample) and OTUs excluding Trichodesmium sequences (3128 sequences

per sample). Data are presented as averages within sample type (n = 8 puff, 5 tuft, 4

mixed morphology, and 4 25m bulk seawater (SW) samples), with standard deviations in

parentheses.

Figure S2). Tuft colonies contained a larger fraction of non-
Trichodesmium Cyanobacteria (predominantly Limnothrix)
and Gammaproteobacteria (including Alteromonadaceae,
Oleiphilaceae, and Piscirickettsiaceae) than puff colonies. There
were also differences between puff and tuft colony epibionts at
the OTU level: over half of the most abundant Trichodesmium
OTUs had significantly different relative abundances between the
twomorphotypes (Figure S2). NMDS analyses demonstrated that
the overall epibiont community structure varied by morphology,
with puff colonies clustering separately from tuft colonies
(Figure 3).

Alpha diversity metrics were calculated from 16S rRNA gene
OTUs at 97% identity (Table 3). Both diversity (Shannon) and
species richness (Chao1) varied by sample type (i.e., seawater
or morphology) and by day of sampling (p < 0.05, two-way
ANOVA). Species richness did not vary among Trichodesmium
morphologies (Tukey HSD p > 0.05), but all morphotypes
had significantly lower (by a factor of ∼2) species richness
than surface seawater samples (Tukey HSD p ≤ 0.001).
Diversity was higher in Trichodesmium puff samples and mixed
morphology samples than in tuft samples (Tukey HSD p <

0.001). Trichodesmium samples of all morphotypes had lower
diversity than seawater samples (Tukey HSD p < 0.05); however,
when excluding Trichodesmium OTUs, diversity in samples of
all Trichodesmium morphotypes were not significantly different
from seawater (Tukey HSD p > 0.05). Thus, the Trichodesmium
epibiont community had lower species richness, but insignificant
differences in evenness, compared to seawater.

Diazotroph Diversity via nifH Amplicons
We sequenced partial nifH genes and transcripts from
Trichodesmium colonies, and from surface seawater samples for
comparison, to test for the presence and transcriptional activities
of non-Trichodesmium diazotrophs associated with the colonies.
While sequences belonging to Trichodesmium dominated the
nifH dataset, we also recovered non-Trichodesmium nifH genes
and transcripts (Figure 5). In the DNA samples, Trichodesmium

represented 64–99% of nifH sequences, with an average of 7%
of sequences corresponding to non-Trichodesmium diazotrophs.
Most non-Trichodesmium nifH DNA sequences were classified as
nifH Cluster III, a group that includes anaerobicmicroorganisms,
such as Desulfovibrio and Clostridium (Zehr et al., 2003). Non-
Trichodesmium groups other than Cluster III represented 1.5%
of nifH gene sequences, and included previously identified
nifH groups, such as 1G (presumed Gammaproteobacteria),
1J/1K (presumed Alpha- and Betaproteobacteria), and a very
small percentage of sequences belonging to the cyanobacterium
UCYN-A. The non-Trichodesmium diazotrophs associated
with the colonies were distinct from diazotrophic taxa in
the surrounding seawater, where nifH gene sequences were
dominated by UCYN-A and presumed Gammaproteobacteria
and contained <0.01% nifH Cluster III.

A much smaller fraction of nifH transcript sequences
belonged to non-Trichodesmium diazotrophs (Figure 5).
Sequences phylogenetically related to the nifH Cluster III, 1G,
and 1J/1K, which constituted a modest proportion of nifH gene
sequences, were conspicuously absent from the nifH transcript
sequences. The small fraction of non-Trichodesmium nifH
transcripts (0–3.5%) belonged to Cyanobacteria, predominantly
cyanobacterium UCYN-A and Richelia/Calothrix (with the
exception of one sample containing 0.01% 1J/1K, presumed
Alpha- and Betaproteobacteria).

The nifH DNA and RNA sequences show that Trichodesmium
puff and tuft colonies harbored different communities of non-
Trichodesmium diazotrophs (Figure 5). Puff colonies harbored
a larger fraction of Cluster III (average 9.6% of nifH gene
sequences) than tuft colonies (average 2.1% of nifH DNA
sequences), while tuft colonies harbored a larger fraction of
1G (presumed Gammaproteobacteria, average 2.9% of nifH
gene sequences) than puff colonies (average 0.2% of nifH
gene sequences). Additionally, nifH transcripts from puff
and tuft colony morphologies included different phylotypes
of heterocystous Cyanobacteria (Richelia/Calothrix). One puff
RNA sample contained transcripts derived from the Calothrix
SC01/HET-3 group (Foster and Zehr, 2006; Foster et al.,
2010). No tuft samples contained Calothrix SC01 sequences,
but all 4 tuft RNA samples contained transcripts derived
from the Richelia/HET-1 group (Church et al., 2005b). Neither
heterocystous phylotype matched qPCR primer sets developed
by Momper et al. (2015) to target the heterocystous cyanobiont
hetDA (≥4mismatches with forward primer for both phylotypes;
reverse primer was out of our sequencing region).

Metagenomic Taxonomy and Functional
Potential
We sequenced metagenomes from two Trichodesmium puff
samples collected on 23 Mar 2014 (“radial puff” and “non-
radial puff”) and assembled and annotated these sequences
along with sequences from a publically available Stn. ALOHA
surface seawater metagenome collected in July 2015. Colony
metagenomes were dominated by bacteria (>99% of total
counts), with ∼70% of counts assigned to Cyanobacteria
(Table 4). Cyanobacteria accounted for an average of 57 and 67%
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FIGURE 5 | Percentages of nifH gene (left, right) and transcript (center) sequences assigned to nifH cluster groups. Percentages of Trichodesmium sequences are

displayed in the upper bar plot; sequences assigned to other taxa are displayed in the lower area plot. Representative taxa from canonical nifH clusters (Zehr et al.,

2003) are shown to the right. Color indicates the sample type/morphology [green, red, blue, and gray for puff colonies, tuft colonies, mixed colonies, and bulk 25m

seawater (SW), respectively]. R denotes radial and NR denotes non-radial puff morphologies (see Figure 1).

of counts from a set of 29 single-copy genes (Table S4) from radial
and non-radial puff colonies, respectively. Thus, assuming one
copy of each of these genes per genome (Nayfach and Pollard,
2015), equal levels of ploidy among taxa, and that the majority
of cyanobacterial counts belong to Trichodesmium, both total
metagenome and single-copy gene counts produce conservative
estimates of ∼1 epibiont cell for every 1–3 Trichodesmium
cells within colonies. Less than 1% of Trichodesmium colony
counts were assigned to Eukarya, Archaea, or viruses, compared
to 3.6% of surface seawater counts (Table 4). Eukaryotes
represented 0.5 and 0.3% of non-radial and radial puff colony
counts, respectfully, with dominant groups including green
algae (Streptophyta and Chlorophyta), chordates, heterotrophic
flagellates (Choanoflagellida), arthropods, diatoms, ciliates, and
fungi (Table 4, Table S5). The relative abundances of bacterial
taxamirrored trends observed in the 16S rRNA gene dataset, with
the majority of colony sequences belonging to Cyanobacteria
(primarily Trichodesmium), Alphaproteobacteria, Bacteroidetes,
and Gammaproteobacteria (Table 4, Figure 4).

Metagenome counts were annotated to KO and normalized
to GPM in order to compare the relative abundance of genes
and pathways among samples. However, ∼75% of assembled
contigs from Trichodesmium colonies failed KO annotation,

TABLE 4 | Taxonomic assignments from three metagenome samples.

Trichodesmium

non-radial puff

colonies (%)

Trichodesmium

radial puff colonies

(%)

Stn. ALOHA surface

seawater (%)

Cyanobacteria 75.9 65.5 31.8

α-proteobacteria 11.1 12.5 41.6

γ-proteobacteria 3.2 5.3 11.2

δ-proteobacteria 1.2 0.9 0.8

β-proteobacteria 0.5 1.1 0.7

Bacteroidetes 4.1 8.6 5.4

Firmicutes 1.1 1.3 1.3

Planctomycetes 0.8 1.9 0.3

Actinobacteria 0.5 0.6 1.0

Verrucomicrobia 0.1 0.5 0.6

Chloroflexi 0.1 0.2 0.1

Eukaryota 0.5 0.3 2.6

Archaea 0.1 0.2 0.5

Viruses 0.1 0.1 0.5

Other bacteria 0.7 1.0 1.6

Values denote percentages of length-corrected reads mapped to annotated assemblies.

Trichodesmium and surface seawater metagenomes are derived from samples collected

23 Mar 2014 and 30 July 2015, respectively.

Frontiers in Microbiology | www.frontiersin.org 9 July 2017 | Volume 8 | Article 112233

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Gradoville et al. Microbiome of Trichodesmium Colonies

far exceeding the ∼25% of failed contig annotations observed
in the surface seawater sample (Table 2). Furthermore, of the
sequences that were successfully mapped to annotated contigs,
Trichodesmium samples contained a larger fraction of KO with
unknown function than the surface seawater sample (Table 2).
This resulted in smaller GPM values from Trichodesmium
metagenomes than the surface seawater metagenome for
most KEGG gene categories (Figure S3). Hence, we chose
to use a normalization of counts per million mapped to a
KO of known function (GPMK) in order to compare the
functional potential of Trichodesmium colonies and surface
seawater.

The gene contents of the Trichodesmium colony samples
were distinct from those observed in the near-surface seawater.
Colonies contained ∼40% fewer single-copy GPM than
the seawater samples (both in Cyanobacteria and non-
Cyanobacteria fractions, Table 2, Table S4), suggesting larger
average genome sizes for Trichodesmium and epibiont cells.
Summing KOs from KEGG gene groups revealed broad
functional differences between colonies and surface seawater
(Figure 6). Seawater samples were relatively enriched in KEGG
groups including nucleotide and amino acid metabolism,
transcription, translation, and replication and repair, while the
colony samples were relatively enriched in energy metabolism,
metabolism of terpenoids and polyketides, and cell motility.

Trichodesmium colony and surface seawater metagenomes
also differed in the abundances of specific genes and pathways
involved in nutrient cycling (Figure 7). Colonies were enriched
in genes encoding alkaline phosphatase and transporters
for phosphate, phosphonates, and Fe(II), but depleted in
Fe(III) transporter genes, compared to seawater. There were
similar abundances of phosphate starvation response and
Fe complex (siderophore) transport genes in colonies and
seawater; however, the majority of these genes in the colonies
belonged to non-Cyanobacteria (epibionts), which only
represented ∼30% of total colony metagenome counts. Thus,
phosphate starvation response and Fe complex transport genes
were enriched in epibionts compared to the surrounding
plankton.

Trichodesmium colonies were also enriched in N cycling
genes. Compared to seawater, the colonymetagenomes contained
higher total N metabolism gene abundances (34 and 46%
higher abundances in radial and non-radial puffs, respectively,
Table S6), and were strongly enriched in genes involved
in N transformation pathways (Figure 7). Nitrogenase genes
were ∼2,000X more abundant in colonies than seawater, and
included a large fraction assigned to non-Cyanobacteria (11
and 20% of nitrogenase genes in radial and non-radial puff
colonies, respectively). Assimilatory nitrate reduction genes
were present in both colony and seawater samples, but were
∼5X more abundant in colonies, where the majority of genes
corresponded to Cyanobacteria. Dissimilatory nitrate reduction
and denitrification genes were absent in seawater samples but
present in both colony samples; genes in these pathways were
nearly exclusively assigned to non-Cyanobacteria (Figure 7).
Genes involved in nitrification pathways were not observed in
colony or seawater metagenomes.

FIGURE 6 | Relative abundance of KEGG gene groups in Trichodesmium

colony samples (collected 23 Mar 2014) compared to a surface seawater

sample from Stn. ALOHA (collected 30 July 2015). The percentages of total

counts within each gene group are provided in parentheses. Colors represent

sample type and taxonomic assignment. Pathways involved with organ

systems, human disease, and/or representing <0.1% of total GPMK were

excluded. Pathways displayed represent >97% of total GPMK.

DISCUSSION

Several decades of research have documented the presence of
bacterial and eukaryotic epibionts inhabiting Trichodesmium
colonies (Borstad and Borstad, 1977; Siddiqui et al., 1992;
Rouco et al., 2016), but the taxonomic composition and
functional potential of these associated communities are not
well-understood. Here, we used a variety of molecular tools to
probe the diversity of Trichodesmium and associated epibionts
in colonies from the NPSG. We found that the colonies
were dominated by a single clade of Trichodesmium, but
harbored a diverse community of associated microorganisms.
These microbial assemblages were distinct from the surrounding
seawater, differed by colony morphology, and included bacteria
with a known preference for surface attachment, as well as
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FIGURE 7 | Abundances of select genes and pathways involved in phosphorus (A), iron (B), and nitrogen (C) cycling from Trichodesmium colony and surface

seawater metagenomes. Colors represent sample type and taxonomic assignment. See Table S6 for a list of KO included in each pathway.

putative anaerobic diazotrophs. Colony metagenomes contain
genes and pathways not present in Trichodesmium genomes,
including siderophore transport and denitrification genes, which
likely affects the biogeochemical functioning of Trichodesmium
colonies.

Trichodesmium Species Diversity
The abundance and distribution of Trichodesmium have
been studied extensively, but most work has focused on
Trichodesmium at the genus-level, using techniques including
microscopy, video plankton recording, and satellite imaging
(e.g., Dugdale, 1961; Subramaniam et al., 2001; Davis and
McGillicuddy, 2006). In the laboratory, Trichodesmium isolates
have been phylogenetically classified into four major clades
(based on the hetR and ITS genes), with the majority of isolates
falling into Clade I (e.g., T. thiebautii) and Clade III (e.g., T.
erythraeum) (Orcutt et al., 2002; Hynes et al., 2012), but the
geographical distributions of these clades in field populations
has only begun to be investigated. Our finding of Clade I
dominance is in agreement with recent surveys in the N. Pacific,
N. Atlantic, and S. Pacific (Hmelo et al., 2012; Gradoville et al.,
2014; Rouco et al., 2014, 2016), which all observed the majority
of Trichodesmium sequences belonging to Clade I. However,
most physiological studies of Trichodesmium use the cultivated
Clade III laboratory isolate T. erythraeum IMS101. Isolates
from Clade I and Clade III appear to respond differently to
environmental stimuli; for example, elevating pCO2 enhances
rates of N2 and C fixation by Clade III isolates IMS101 and
GBRTRLI101 but not by the Clade I isolate H9-4 (Hutchins et al.,
2007, 2013). While more work is needed to resolve the spatial
and temporal variability of Trichodesmium species biogeography,

current evidence suggests that at a global scale Trichodesmium
Clade I may be more abundant than Clade III. Hence, modeling
studies using the response of isolate IMS101 to predict the
pCO2 response of natural Trichodesmium populations should
be viewed with caution. In addition, our findings agree with
previous reports that colonymorphology is not an accurate proxy
forTrichodesmium clade (Hynes et al., 2012), as both puff and tuft
colony samples were composed of >99% Clade I (Figure 2).

Diversity of Associated Microbiome
Our samples contained diverse bacterial and eukaryotic
taxa associated with Trichodesmium colonies. While relative
abundances derived from metagenomic and 16S rRNA gene
sequences can be biased by taxa-specific genome sizes and
copy numbers of genes and genomes (e.g., Sargent et al.,
2016), respectively, the large fractions of non-Trichodesmium
sequences in both datasets suggest that epibionts are numerically
abundant within the colonies. Colony metagenome sequences
were dominated by bacteria, but we also observed sequences
from viruses, Archaea, and many eukaryotic taxa previously
observed associated with Trichodesmium colonies (Borstad and
Borstad, 1977; Sheridan et al., 2002). Bacterial species richness
within colonies was∼10-fold higher than the richness previously
assessed for Atlantic colonies using clone libraries (Hmelo et al.,
2012), and approximately half of the richness in surrounding
seawater, reaffirming that colonies harbor a diverse epibiont
community (Sheridan et al., 2002; Rouco et al., 2016).

The taxonomic composition of colony epibionts was distinct
from that of the surrounding bacterioplankton. The warm,
oligotrophic waters of the NPSG are known to be dominated
by the Cyanobacteria Prochlorococcus (Campbell et al., 1994)
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and photo- and chemoheterotrophs including SAR11 and
Rhodobacteraceae (DeLong et al., 2006). Indeed, the most
abundant taxa in our near-surface seawater samples were
those clustering among Prochlorococcus, Synechococcus, and
the small photoheterotroph Actinomarina (SAR11 represented
only 3.2% of seawater sequences, likely due to a known
bias in the 16S rRNA gene primer set used, Apprill et al.,
2015); however, these taxa were all conspicuously absent from
Trichodesmium colony samples. The relative absence of typical
oligotrophic bacteria with streamlined genomes in colonies
could be due to elevated nutrient concentrations favoring
copiotrophic taxa (Lauro et al., 2009; Giovannoni et al.,
2014), and is consistent with previous observations of large
marine particle size classes being enriched with copiotrophic
bacterial genes (Allen et al., 2013). Instead, colony epibionts
were dominated by Bacteroidetes, Alphaproteobacteria, and
Gammaproteobacteria, which is consistent with previous 16S
rRNA gene surveys of microbial communities associated with
Trichodesmium (Hmelo et al., 2012; Rouco et al., 2016).
Several dominant epibiont taxa have been previously observed
associated with marine particulates, including the Bacteroidetes
classes Cytophagia and Flavobacteriia (DeLong et al., 1993;
Crump et al., 1999; Bryant et al., 2016), Alteromonadales
(Fontanez et al., 2015), and Planctomycetes (DeLong et al.,
1993). Though epibiont communities had several abundant taxa
in common with the surrounding seawater at the order-level
(e.g., Rhodobacterales, Rhodospirillales, and Oceanospirillales),
there were few commonalities with surface seawater phylotypes
at the 97% OTU-level. The distinct community structure and
lower species richness of epibionts compared to surrounding
bacterioplankton, and the commonalities between epibiont
taxa from our samples and previous Trichodesmium studies
(Hmelo et al., 2012; Rouco et al., 2016) together suggest that
Trichodesmium colonies provide a niche favoring select bacterial
taxa.

In addition, we observed distinct epibiont communities
associated with puff and tuft colonies, in agreement with
Rouco et al. (2016), as well as evidence that certain bacterial
species may consistently associate with specific morphotypes.
Tuft colonies contained a larger fraction of Trichodesmium
16S rRNA gene sequences than puff colonies, possibly
due to less colonizable surface area in this morphotype,
which likely drives the lower diversity values observed for
tufts (Table 3). This finding contrasts with the microscopic
observations of Sheridan et al. (2002), who reported tuft
colonies harboring higher bacterial densities than puff colonies.
Furthermore, the epibiont composition differed between the
two morphologies, both in terms of phyla-level taxonomy (e.g.,
puffs contained more Bacteroidetes and tufts contained more
non-Trichodesmium Cyanobacteria, Figure 4) and, even more
strikingly, in the relative abundance of specific phylotypes
(Figure S2). For example, a phylotype clustering among the
filamentous Cyanobacteria Limnothrix represented 11.7% of
non-Trichodesmium tuft sequences but only 0.1% of non-
Trichodesmium puff sequences. Filamentous Cyanobacteria have
been observed in close association with Trichodesmium filaments
from tuft colonies (e.g., Paerl et al., 1989a; Siddiqui et al., 1992;

Hewson et al., 2009), and Limnothrix-like sequences represented
31% of 16S rRNA gene clone library sequences in tuft (but
not puff) colonies from the N. Atlantic (Hmelo et al., 2012).
Thus, this Limnothrix phylotype may be a common associate of
Trichodesmium tufts. Likewise, Microscilla represented 7.7% of
tufts but only 0.01% of non-Trichodesmium puff sequences, and
this genus has been previously recovered from Trichodesmium
tufts in the N. Pacific, N. Atlantic, and Caribbean Sea (Janson
et al., 1999; Rouco et al., 2016). Puff colonies also contained
abundant phylotypes which were relatively absent from tufts,
including Alphaproteobacteria and Bacteroidetes phylotypes,
the cyanobacterium Rivularia, and a Marinicella phylotype
which shares 100% nucleotide sequence identity to a sequence
previously recovered from Trichodesmium colonies (accession
GU726121). It is remarkable that so many phylotypes had
significantly different relative abundances between the two
morphotypes (Figure S2), and also that many of the most
abundant genera from our samples have also been dominant
in previous surveys of Trichodesmium epibionts (Hmelo et al.,
2012; Rouco et al., 2016). Since the species composition of
Trichodesmium did not vary by colony morphology, physical
(i.e., filament compactness, colonizable surface area) and/or
chemical properties of puff and tuft colonies likely drive the
observed differences in epibiont community structure.

Colony-Associated Diazotrophs
There have been several reports of cyanobacterial and
heterotrophic diazotrophs associated with Trichodesmium
colonies (Paerl et al., 1989b; Gradoville et al., 2014; Momper
et al., 2015), but the community composition and metabolic
activity of these organisms have been largely unexplored.
Here, we used high-throughput sequencing of partial nifH
genes and transcripts to explore the diversity of colony-
associated diazotrophs. We observed non-Trichodesmium
nifH genes (including genes from putative heterotrophs) in all
Trichodesmium DNA samples, representing 1–35% of the colony
nifH sequences (Figure 5).

The ecological importance of non-cyanobacterial marine
diazotrophs is a current enigma in N2 fixation research:
non-cyanobacterial nifH genes have been recovered from
numerous marine environments (Bombar et al., 2016), but
rates of N2 fixation in marine environments dominated by
non-cyanobacterial diazotrophs are often low or undetectable
(e.g., Knapp et al., 2016; Gradoville et al., 2017). Here, we
found robust evidence that Trichodesmium colonies comprise
yet another habitat for these seemingly cosmopolitan organisms.
The majority of our non-Trichodesmium nifH gene sequences
phylogenetically grouped among Cluster III nifH genes, which
includes diverse anaerobic microorganisms (Zehr et al., 2003).
The possibility of anaerobic bacteria inhabiting Trichodesmium
colonies appears plausible since colonies have been reported to
contain anoxic microzones (Paerl and Bebout, 1988); indeed,
we also found denitrification and Fe(II) transporter genes
enriched in colony metagenomes (see Functional potential within
Trichodesmium colonies). However, nifH Cluster III contains
diverse lineages (Zehr et al., 2003), and the physiology and
ecology of these organisms are not well-understood. In our
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study, the three most abundant Cluster III OTUs each share
<85% nucleotide identity with any cultured representative in
the BLASTn database. One of these OTUs matches a qPCR
primer/probe set designed by Church et al. (2005a) to quantify
a specific group of Cluster III nifH sequence-types in the NPSG,
while all three OTUs share >99% nucleotide identity with
sequences previously obtained from Trichodesmium colonies
at Stn. ALOHA (Gradoville et al., 2014). Such results suggest
that Trichodesmium colonies may selectively harbor members
of the Cluster III nifH phylotypes, including organisms not
currently captured by existing Cluster III qPCR primers and
probes (Church et al., 2005a).

It is interesting to note that both Cluster III and the 1J/1K
(presumed Alpha- and Betaproteobacteria) group had higher
relative abundances in our Trichodesmium colony samples
than in the surrounding seawater, where nifH sequences were
dominated by the unicellular cyanobacterium UCYN-A, the
Gammaproteobacterial nifH group 1G, and other Cyanobacteria
including Trichodesmium (Figure 5). This suggests that
Trichodesmium colonies may represent a niche for Cluster III
and 1J/1K diazotrophs. It is possible that the relative enrichment
of these groups in Trichodesmium colonies could reflect a
preference for marine particulates—for example, Bryant et al.
(2016) observed marine plastic particles to be enriched in
nifH genes—rather than a unique property of the colonies
themselves. Marine particles may be favorable environments
for heterotrophic diazotrophs (Bombar et al., 2016), especially
putative anaerobic Cluster III taxa, which could inhabit anoxic
microzones of particles (Benavides et al., 2015). Future research is
needed to determine whether Trichodesmium colonies represent
an important niche for nifH Cluster III diazotrophs in the NPSG
and other oceanic regions.

Though Trichodesmium nifH amplicons included genes
belonging to non-Cyanobacteria, the absence of non-
cyanobacterial nifH transcripts suggests that these taxa were not
actively fixing N2 at the time of sampling (Figure 5). However,
we did observe non-Trichodesmium cyanobacterial nifH
transcripts, mostly belonging to two OTUs in the heterocystous
Calothrix/Richelia group. One of the Calothrix/Richelia OTUs
matched primer/probe sets for group HET-1 (Church et al.,
2005b), and was present in all tuft RNA samples, while another
Calothrix/Richelia OTU, present in one puff RNA sample,
matched primer/probe sets for the SC01/HET-3 group (Foster
and Zehr, 2006; Foster et al., 2010). This suggests that there
may be morphotype-specific associations between heterocystous
Cyanobacteria and Trichodesmium other than the cohabitation
described by Momper et al. (2015). While Calothrix/Richelia
sequences were absent in the nifH DNA dataset (likely due
to poor amplification of this group by the nifH primers used;
Turk-Kubo et al., 2015), we did see evidence of heterocystous
Cyanobacteria inhabiting colonies in the 16S rRNA datset
(Rivularia and a small number of Richelia sequences; Figure
S2, Table S3). Furthermore, the presence of Calothrix/Richelia
nifH transcripts indicates high cell-specific transcription rates
by this group. Our observation of higher nifH transcription
levels in cyanobacterial diazotrophs than non-cyanobacterial
diazotrophs is consistent with previous nifH gene expression

surveys using bulk seawater from Stn. ALOHA (Church et al.,
2005b).

Functional Potential within Trichodesmium

Colonies
Our metagenomic data suggest that Trichodesmium epibionts
may benefit from a colony-associated lifestyle and influence
nutrient cycling within colonies. Epibionts appeared to possess
larger average genome sizes than bulk plankton, suggesting non-
streamlined genomes, consistent with the relative absence of
oligotrophic taxa (Prochlorococcus, Actinomarina, etc.) observed
in colonies. Furthermore, epibionts were depleted in genes
involved in replication and basic metabolic functioning relative
to seawater metagenomes, again consistent with a lack of
streamlined genomes (Giovannoni et al., 2014). Instead, colony
samples were enriched in genes involved in motility, which
could be useful in a colony-associated lifestyle, and in metabolic
pathways not present in the seawater metagenome (Figures 6, 7,
Table S6). Additionally, a large fraction of Trichodesmium
colony contigs failed annotation. This could be due to the large
fraction of non-coding DNA in the Trichodesmium genome
(Walworth et al., 2015), but could also arise from a larger
fraction of uncultivated microorganisms in the Trichodesmium
microbiome than in the surrounding seawater. Likewise, colony
samples contained a larger fraction of genes with unknown
function than seawater samples. Our findings of enrichments
in copiotrophic taxa, motility genes, and genes of unknown
function within Trichodesmium colonies have also been observed
in particle-attached marine microbial communities (Simon et al.,
2014).

The NPSG is a chronically oligotrophic system, with
production rates limited by the availability of N (Karl et al.,
1997) and sometimes P (Karl et al., 1995). Since diazotrophs
such as Trichodesmium circumvent N limitation through N2

fixation, their growth and N2 fixation rates are typically limited
by the availability of P and/or Fe (as well as light and
temperature, Luo et al., 2014). Hence, there is considerable
interest in understanding themechanisms of P and Fe acquisition
by Trichodesmium. We observed enrichments in alkaline
phosphatase, phosphate transport, and phosphonate transport
genes in colonies, which agrees with previous demonstrations
of efficient organic phosphorus scavenging and utilization by
Trichodesmium (Dyhrman et al., 2006). Furthermore, colony
epibionts contained genes encoding the synthase for acyl
homoserine lactoses (Table S6), quorum sensingmolecules which
have been shown to stimulate alkaline phosphatase activity by
Trichodesmium cells in culture (Van Mooy et al., 2011). We also
found that phosphate starvation response genes were enriched
in epibionts, which could reflect P-limitation due to the release
of inorganic and organic N compounds by Trichodesmium cells
(Capone et al., 1994; Mulholland et al., 2004).

The genes involved in Fe transport also differed between
colony and seawater metagenomes. Fe(II) transporters
were enriched in colony samples, consistent with previous
observations of these genes in Trichodesmium isolates
(Chappell and Webb, 2010), but were nearly absent in the
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seawater metagenome. In well-oxygenated seawater, most
Fe exists as Fe(III), hence our observation of epibionts
enriched in Fe(II) transport genes suggests that low-oxygen
microzones within colonies could result in reduction of Fe(III).
Additionally, we found low abundances of cyanobacterial
siderophore transport genes, reflecting the inability of
Trichodesmium to use highly chelated Fe sources (Chappell
and Webb, 2010), but these genes were enriched in non-
cyanobacterial epibionts. Our observations of abundant P and
Fe acquisition genes in Trichodesmium and epibionts could
reflect competition for these resources in the colony community.
However, we also found metagenomic evidence for previously
described potential mutualisms, as epibionts could facilitate
Trichodesmium nutrient uptake through quorum sensing (Van
Mooy et al., 2011) and siderophore production (Roe et al.,
2012).

Finally, we observed the genetic capacity for denitrification
within Trichodesmium colonies. Both colony samples contained
all necessary genes for the denitrification and dissimilatory
nitrate reduction pathways, while no genes from either pathway
were observed in the seawater sample. Furthermore, 16S OTU
18, comprising 9.9% of non-Trichodesmium 16S rRNA gene
sequences from tuft colonies, was classified as the denitrifier
Nisaea sp. These results agree with Wyman et al. (2013),
who reported nosZ amplicons isolated from Trichodesmium
colonies in the Arabian Sea. Denitrification within the colonies
would be biogeochemically significant, producing a tight spatial
coupling between N2 fixation and denitrification and reducing
apparent colony N2 fixation rates. However, denitrification
requires nitrate, and we did not observe any nitrification genes
within colonies (Table S6), although it is possible that nitrate
could be supplied through diurnal migration to deeper nitrate-
rich waters (Walsby, 1978). Furthermore, denitrification is an
anaerobic process, and while early reports indicated that colonies
could contain anoxic zones (Paerl and Bebout, 1988), more
recent work has found no evidence for this (Eichner et al.,
2017). Thus, it is possible that the presence of denitrification
genes does not indicate active denitrification within colonies,
but rather reflects the diverse gene repertoire of copiotrophic
epibionts.

CONCLUSIONS

Our multifaceted high-throughput sequencing approach enabled
a detailed view of the Trichodesmium colony microbiome. While
the species composition of Trichodesmium was dominated
by a single clade and uniform in all of our samples, the
community structure of bacterial epibionts differed between puff
and tuft colony morphologies, suggesting that differences in
biogeochemical rates among colony morphologies may be driven
by processes carried out by the associated microbiome. Epibionts
appear copiotrophic, with the genetic capacity to influence
colony nutrient cycling. Additionally, we found that colonies
contained active cyanobacterial diazotrophs and presumed
heterotrophic and anaerobic diazotrophs, suggesting that
Trichodesmium colonies harbor a unique microbial community
with the potential to influence rate processes classically attributed
to Trichodesmium spp.
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A corrigendum on

Microbiome of Trichodesmium Colonies from the North Pacific Subtropical Gyre

by Gradoville, M. R., Crump, B. C., Church, M. J., Letelier, R. M., and White, A. E. (2017). Front.
Microbiol. 8:1122. doi: 10.3389/fmicb.2017.01122

In the original article, there were two errors. First, an incorrect NCBI accession number was
provided. A correction has been made to Methods, Bioinformatic Analyses, Paragraph 4:

“All raw sequences are available from NCBI (accession SRP095769). Assemblies and annotation
data are available from IMG/M ER (http://img.jgi.doe.gov/mer; Taxon OIDs 3300009572,
3300009536, and 3300010936).”

Additionally, in the original article, the two primer sets used for nested nifH PCR were listed in
the incorrect order and included an incorrect reference. A correction has been made to Methods,
Nucleic Acid Extraction, Amplification, and Sequencing, Paragraph 3:

“The nifH gene was amplified using nested degenerate nifH primers (Zehr and McReynolds,
1989; Zani et al., 2000). The first round contained 1X PCR buffer, 0.1U Platinum High Fidelity
Taq polymerase (Invitrogen), 200 µmol L−1 dNTPs, 3% BSA, 4 mmol L−1 Mg2+, 1 µL DNA or
cDNA, and 1 µmol L−1 nifH3 and nifH4 primers (Zani et al., 2000). Reaction conditions were:
94◦C for 7 min, followed by 30 cycles of 94◦C for 1 min, 57◦C for 1 min, and 72◦C for 1 min, and
a final 72◦C extension for 7 min. The second round of nifH PCR used the same components and
thermocycling conditions as the first round, except the DNA extract was replaced with 1 µL of the
amplified product generated during the first round PCR reaction, and custom primers were used,
consisting of gene-specific sites (nifH1 and nifH2), dual- indexed barcodes, Illumina linkers, and a
sequencing primer binding region, similar to those described by Kozich et al. (2013; Table S1). PCR
negative controls and filter blank samples were included in PCR reactions.”

Finally, there was a mistake in the legend for Supplementary Table 1 as published. This table
listed the incorrect nifH primer names. The correct legend appears below.

Table S1: Dual-index barcoded, forward and reverse nifH primers (5′ -> 3′) used in
this study. Sample barcodes are shown in bold. Forward and reverse nifH PCR primers
are indicated by nifH1 (TGYGAYCCNAARGCNGA) and nifH2 (ADNGCCATCATYTCNCC;
note the misprint of this primer in the original manuscript by Zani et al., 2000). NNNN
indicate Illumina linker regions: AATGATACGGCGACCACCGAGATCTACAC (forward) and
CAAGCAGAAGACGGCATACGAGAT (reverse). Blue text indicates the binding site for
sequencing primers, which were designed to optimize melting temperature during sequencing, as
described by Kozich et al. (2013).

The authors apologize for these errors and state that they do not change the scientific
conclusions of the article in any way.
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1Department of Biology, University of Massachusetts Dartmouth, North Dartmouth, MA, United States, 2Marine Biology
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Scientifique, IRD, Aix-Marseille Université, Université de Toulon, Marseille, France, 4Mina and Everard Goodman Faculty of
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Traditionally, cyanobacterial activity in oceanic photic layers was considered responsible

for the marine pelagic dinitrogen (N2) fixation. Other potentially N2-fixing bacteria and

archaea have also been detected in the pelagic water column, however, the activity and

importance of these non-cyanobacterial diazotrophs (NCDs) remain poorly constrained.

In this perspective we summarize the N2 fixation rates from recently published studies on

photic and aphotic layers that have been attributed to NCD activity via parallel molecular

measurements, and discuss the status, challenges, and data gaps in estimating non-

cyanobacterial N2 fixation NCNF in the ocean. Rates attributed to NCNF have generally

been near the detection limit thus far (<1 nmol N L−1 d−1). Yet, if considering the

large volume of the dark ocean, even low rates of NCNF could make a significant

contribution to the new nitrogen input to the ocean. The synthesis here shows that

nifH transcription data for NCDs have been reported in only a few studies where N2

fixation rates were detected in the absence of diazotrophic cyanobacteria. In addition,

high apparent diversity and regional variability in the NCDs complicate investigations

of these communities. Future studies should focus on further investigating impacts

of environmental drivers including oxygen, dissolved organic matter, and dissolved

inorganic nitrogen on NCNF. Describing the ecology of NCDs and accurately measuring

NCNF rates, are critical for a future evaluation of the contribution of NCNF to the marine

nitrogen budget.

Keywords: bacteria, diazotroph, DOM, mesopelagic, nifH, nitrogenase, oxygen minimum zone

INTRODUCTION

Biological dinitrogen (N2) fixation produces biologically available nitrogen (N) through reduction
of atmospheric N2 to ammonium (NH+

4 ) (Postgate, 1998). In oligotrophic marine environments,
N2 fixation can provide ∼50% of the “new” N (Karl et al., 2002; Capone et al., 2005; Berthelot
et al., 2017), and probably contributes more in hot spots such as theWestern Tropical South Pacific
(Bonnet et al., 2017). N2 fixation (diazotrophy) is catalyzed by the enzyme nitrogenase (Mortenson
and Thorneley, 1979; Postgate, 1998). The nifH gene that encodes the dinitrogenase reductase is
distributed in many phylogenetic groups of bacteria and archaea (Chien and Zinder, 1996), and
used to assess the diversity and expression of the enzyme in marine diazotrophs (Zehr et al., 2003).
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Cyanobacteria have traditionally been considered the most
important diazotrophs in the ocean. The predominantly
described taxa include the filamentous, bloom-forming
Trichodesmium, heterocystous, symbiotic groups (e.g., diatom-
diazotroph associations), and the unicellular cyanobacteria
UCYN-A (Candidatus Atelocyanobacterium thalassa), UCYN-
B (Crocosphaera watsonii), and UCYN-C (Zehr, 2011).
Early molecular studies also reported the presence of non-
cyanobacterial diazotrophs (NCDs) (Kirshtein et al., 1991; Zehr
et al., 1995, 1998). These findings stimulated recent research on
diversity, composition, and ecology of marine NCDs (Bombar
et al., 2016), leading to a currently perceived emergence of a new
paradigm: non-cyanobacterial N2 fixation (NCNF). Extensive
research on free-living and symbiotic NCDs in soils has provided
evidence of the activity, regulation, and the significance of these
processes in terrestrial ecosystems (Postgate, 1998; Herridge
et al., 2008; Hayat et al., 2010).While the diversity and abundance
of marine NCDs indicate that NCNF could potentially have a
large impact on the marine N budget, at present, the activity and
contribution of marine NCNF to total N2 fixation remain poorly
constrained.

In many oceanic waters, NCD sequences dominate the nifH
gene pool (Riemann et al., 2010; Farnelid et al., 2011), and
detection of transcripts of some of the NCD nifH genes suggests
that at least some of the NCDs fix N2 in the oceanic water column
and sediments (Bird et al., 2005; Church et al., 2005b; Halm et al.,
2012; Brown and Jenkins, 2014; Moisander et al., 2014; Bentzon-
Tilia et al., 2015b). However, gene expression cannot be equated
with active N2 fixation rates without evidence of cell-specific
activity. Current broadly available methods cannot discern the
relative contribution of cyanobacteria and NCDs to measured
N2 fixation rates. The contribution of NCNF could be studied
by parallel rate measurements and molecular detection in areas
where cyanobacterial diazotrophs are typically not present (such
as the oceanic water column below the euphotic layer, i.e., aphotic
waters). Here we summarize data from studies where N2 fixation
rates were reported in parallel to molecular characterization
of NCDs when cyanobacterial diazotrophs were not detected
(presence and/or expression of the nifH gene;Table 1). Presumed
NCNF rates ranged from undetectable to 8 and 0.89 nmol N L−1

d−1 in photic and aphotic studies, respectively (Table 1). The goal
of this perspective is to synthesize emerging trends and data gaps
from these studies and highlight future research directions.

NCNF IN PHOTIC WATERS

Most early studies of oceanic N2 fixation (Montoya et al.,
1996; Karl et al., 2002; Hood et al., 2004; Mahaffey et al.,
2005; Mulholland et al., 2006) and diazotroph diversity and
activity (Zehr, 2011) focused on photic waters and cyanobacterial
diazotrophs. Traditionally, the photic layer has been considered
an optimal environment selecting for cyanobacterial N2 fixation,
as abundant light energy (harnessed via photosynthesis) supplies
the high energetic demands of the N2 fixation process, while
dissolved inorganic nitrogen (DIN) limits non-diazotrophic

autotrophs. Yet, since the first molecular studies (Zehr et al.,
1998), nifH sequence libraries have revealed diverse NCD
phylotypes from surface waters of various oceans and estuaries
(Falcon et al., 2004; Church et al., 2005a; Langlois et al.,
2005; Hewson et al., 2007; Moisander et al., 2008; Foster
et al., 2009; Farnelid et al., 2011; Halm et al., 2012; Bentzon-
Tilia et al., 2015b; Messer et al., 2016). Transcripts from a
range of NCD groups have been recovered in surface layers
(Man-Aharonovich et al., 2007; Halm et al., 2012; Loescher
et al., 2014). One of the few consistent NCDs in photic layers
is a gamma-proteobacterial cluster of sequences (termed γ-
24774A11, Gamma A, or UMB; representatives of the same
phylotype). Gamma A shows a wide distribution and expression
of the nifH gene (Bird et al., 2005; Church et al., 2005b;
Moisander et al., 2014; Langlois et al., 2015). This group appears
to be broadly distributed across tropical and subtropical surface
waters compared with cyanobacterial diazotrophs (Moisander
et al., 2014; Bonnet et al., 2015; Langlois et al., 2015). Its
presence exclusively in surface layers suggests either reliance
on a photosynthetic machinery, rhodopsin, or photosynthesis
products from other organisms. Once cultivated or its genome
assembled, we can learn more about its autecology. A few
other studies have detected N2 fixation from photic layers in
the reported absence of cyanobacterial sequences (Yogev et al.,
2011; Blais et al., 2012). However, due to the difficulty of
demonstrating the absence of cyanobacterial diazotrophs, it has
generally been difficult to prove that NCNF is active in photic
layers.

The nitrogenase enzymemay be downregulated or inactivated
by NH+

4 (Zehr et al., 1997). As typically assumed for
cyanobacterial diazotrophs (Zehr, 2011), DIN could negatively
impact NCDs directly (physiological inhibition) or indirectly
(NCDs outcompeted by faster growing non-diazotrophs).
However, DIN availability may not always have immediate
negative effects on NCDs. For example, Gamma A transcripts
and Cluster III diazotrophs (Chien and Zinder, 1996) were
found in the presence of micromolar concentrations of DIN
in the upper layers of the Arabian Sea (Bird and Wyman,
2013). N2 fixation rates were also detected in the Benguela
Upwelling System in the presence of micromolar nitrate and in
the absence of cyanobacterial diazotrophs (Sohm et al., 2011).
In other surface waters (Eastern Tropical South Pacific; ETSP),
N2 fixation rates were similarly reported in the absence of
cyanobacterial diazotrophs and presence of high DIN (Fernandez
et al., 2011; Dekaezemacker et al., 2013; Gradoville et al., 2017).
In Indian Ocean surface waters with a shallow nitracline, N2

fixation rates were reported in parallel with up to 104 nifH
gene copies L−1 of Gamma A, while cyanobacterial groups
were undetectable (Shiozaki et al., 2014). Collectively these field
studies suggests that NCDs may have a low sensitivity to DIN
(Knapp, 2012), but recent work with cultivated NCDs suggest
that responses to DINmay be strain specific (Bentzon-Tilia et al.,
2015a).

PCR amplification biases likely influence our current data
and conclusions of studies on NCDs. A recent study using
metagenomic data from the TARA Oceans survey reports
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presence of nitrogenase containing Planctomycetes in oceanic
photic waters and suggests they have a substantially greater
abundance than the NCDs reported based on past PCR
approaches (Delmont et al., 2017).

NCNF IN APHOTIC WATERS AND OXYGEN
DEFICIENT ZONES

Several studies have recently reported N2 fixation rates in
the aphotic ocean where active autotrophic cyanobacterial
diazotrophy is not expected. Early evidence for aphotic N2

fixation showed proteobacterial and archaeal diazotrophs and
N2 fixation in hydrothermal vent fluids (Mehta and Baross,
2006). Deep-sea sediment archaea fixing N2 apparently function
in associations with anaerobic methane oxidizers (Dekas et al.,
2009, 2014). Proteobacterial nifH sequences were reported from
the meso- to abyssopelagic water column in different oceans
(Hewson et al., 2007; Moisander et al., 2008).

Laboratory studies have shown that nitrogenase activity in
cells is reduced under increasing concentrations of oxygen, and
the enzyme is irreversibly modified by oxygen in vitro (Fay, 1992;
Berman-Frank et al., 2008). Thus, oxygen deficient zones (ODZs)
that may span photic and aphotic layers could serve as sites of N2

fixation due to low oxygen, in parallel with N losses from these
zones (Deutsch et al., 2007). The first studies reporting planktonic
N2 fixation rates in aphotic waters were ones associated with
ODZs in the Eastern Tropical North Pacific Ocean (ETNP)
(Hamersley et al., 2011) and ETSP (Fernandez et al., 2011;
Dekaezemacker et al., 2013). N2 fixation rates were reported in
mesopelagic waters down to 400 and 800 m, and abyssopelagic
waters down to 2,000m (Fernandez et al., 2011; Bonnet et al.,
2013; Loescher et al., 2014). These rates were attributed to various
NCD DNA sequences, including Cluster I (Proteobacteria), II
and III (Turk-Kubo et al., 2014). N2 fixation in the presence
of NCD nifH expression was also reported in the aphotic ODZ
of the Baltic Sea (Farnelid et al., 2013), and in the ODZ of
the Arabian Sea (Jayakumar et al., 2012). These studies suggest
that NCNF may be active in ODZs, however evidence of the
relationship between oxygen and NCNF is variable. N2 fixation
in the aphotic Western Tropical South Pacific had a negative
correlation with dissolved oxygen (Benavides et al., 2015).
However, mesopelagic N2 fixation rates in the Mediterranean Sea
were reported from fully oxygenated waters (Rahav et al., 2013a),
or were negatively correlated with apparent oxygen utilization
values (i.e., N2 fixation was higher in more recently ventilated
waters; Benavides et al., 2016). Gammaproteobacteria (Cluster I)
and Cluster III generally dominated the nifH DNA sequences in
these studies. In addition, both spatial coupling (Deutsch et al.,
2007) and decoupling (Knapp et al., 2016; Bonnet et al., 2017)
of N2 fixation and denitrification has been proposed. Collectively
these studies suggest that NCNF is occurring in aphotic waters,
and may correlate with oxygen availability, but the mechanisms
by which oxygen and possibly other factors regulate NCNF in
aphotic waters remain poorly known.
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THE POTENTIAL ROLE OF DISSOLVED
ORGANIC MATTER (DOM) IN
SUPPORTING NCNF

Organic particles may provide a site of low oxygen and a source
of DOM that both can benefit specific bacterial attachment
(Thiele et al., 2015; Dang and Lovell, 2016). If NCDs are
heterotrophic (Riemann et al., 2010), overall DOM availability
should play a role in controlling their growth and activity
(Kirchman, 1990). Genomic and physiological analyses have
confirmed that gamma- and alphaproteobacterial diazotrophs
isolated from the Baltic Sea are heterotrophic and contain genes
responsible for DOM metabolism (Bentzon-Tilia et al., 2015a).
Evidence for DOM influence on NCDs was reported from the
South Pacific Gyre (SPG) photic layers (Halm et al., 2012) and
in the Mediterranean Sea (Rahav et al., 2016), where DOM
originating from primary production was suggested to impact N2

fixation. Most of the SPG sequences were gammaproteobacterial,
but represented different groups from those found in the ETSP
(Fernandez et al., 2011; Turk-Kubo et al., 2014). Mesopelagic
N2 fixation rates had a positive correlation with relatively labile
DOM (Benavides et al., 2015), and were enhanced upon the
addition of sugars, amino acids, or transparent exopolymeric
particles (Bonnet et al., 2013; Rahav et al., 2013a; Loescher et al.,
2014; Benavides et al., 2015).

In the eastern Mediterranean Sea, N2 fixation in the photic
zone was uncoupled from primary production and correlated
significantly and positively with bacterial production (Rahav
et al., 2013b). However, even in coastal waters with high dissolved
inorganic nutrient loads, organic carbon stimulated light and
dark N2 fixation in a community containing cyanobacterial and
NCD nifH phylotypes (Rahav et al., 2016). Saharan dust addition
(serving potentially as a source of trace elements, nutrients,
and/or DOM) enhanced N2 fixation and both NCD (Gamma
A) and cyanobacterial diazotroph abundances in the North
Atlantic (Langlois et al., 2012). Gamma A abundances were also
enhanced by addition of sugars in the South Pacific (Moisander
et al., 2012). Many cyanobacteria, including diazotrophs, take up
organic forms of carbon (Hietanen et al., 2002; Church et al.,
2004; Moisander et al., 2012; Benavides et al., 2017) thus rates
of N2 fixation in mixed communities, measured after DOM
amendments, may reflect responses of both cyanobacterial and
NCDs. Whether some marine NCDs also use light as an energy
source remains to be demonstrated (Bombar et al., 2016).

CURRENT AND FUTURE CHALLENGES

The data synthesis here shows that while N2 fixation rates
have been reported by several studies in waters dominated
by NCD nifH sequences (Table 1), most studies of NCDs did
not measure transcription. The nifH DNA sequences often do
not appear as transcripts in the same samples, suggesting that
some of the organisms are not active (Moisander et al., 2006;
Short and Zehr, 2007; Yogev et al., 2011; Halm et al., 2012;
Severin et al., 2015), thus it would be misleading to use nifH
gene (DNA) data as proof for NCNF. Despite the common

detection of cyanobacterial and NCD nifH in DNA sequence
libraries and, at times, in transcripts, only a few studies from
surface layers reported the absence of cyanobacterial diazotrophs
when N2 fixation rates were detected (Table 1). Due to various
methodological constraints, proving the absence of low numbers
of cyanobacterial cells in a sample is difficult, if not impossible,
yet such low abundance may be sufficient to result in detectable
N2 fixation rates. Aphotic waters may be considered a good
case study for NCNF, as photoautotrophic N2 fixation in these
waters is conceivably absent. However, the common detection of
diazotrophic cyanobacteria in aphotic layers (Hamersley et al.,
2011; Farnelid et al., 2013; Benavides et al., 2015), possibly due
to either settling material that could be viable upon experimental
incubations (Agusti et al., 2015), or caused by contamination
during sampling, complicate attributing measured aphotic N2

fixation rates to NCDs alone. Overall, the measured rates of in
situ aphotic N2 fixation are higher than the parallel abundance
and transcript numbers of NCDs would potentially support.
Moreover, the reported cell-specific rates of NCDs are under
debate (Turk-Kubo et al., 2014; Benavides et al., 2015; Bentzon-
Tilia et al., 2015a; Gradoville et al., 2017).

Various factors of the 15N2 method, such as uncertainties in
the 15N-labeling step, influence N2 fixation rate determination
(Mohr et al., 2010; Grosskopf et al., 2012; Wilson et al.,
2012). In addition, commercially available 15N2 gases are at
times contaminated with substrates other than N2 (Dabundo
et al., 2014), which could lead to false positive NCNF rates.
An additional source of uncertainty that must be considered
when assessing minimum quantifiable N2 fixation rates is the
concentration and isotopic composition of particulate organic N
(PON), which at typical concentrations requires large volumes
in incubations (usually >4 L) to constrain rates in deep waters.
While N2 fixation rates per volume are most informative for
budgetary calculations, rates normalized to PON concentration
would provide an additional measure for comparing rates across
studies. Further, variability of the natural δ

15N background of
PON, changes in the δ

15N of PON that may occur over the
incubation period or due to substrate additions, and δ

15N of the
N2 pool, should be considered (Montoya et al., 1996; Gradoville
et al., 2017). These sources of uncertainty are not routinely
reported and detection limits are infrequently calculated. Taking
into account these sources of error, Gradoville et al. (2017)
estimated the minimum quantifiable N2 fixation rate in their
study at ∼0.4 nmol L−1 d−1 which is higher than many reported
rates of NCNF (Table 1).

To our knowledge, direct field measurements of N2

fixation per cell are currently lacking for marine NCDs;
such measurements would be important in assessing their
contribution to N2 fixation rates, along with other efforts to
separate signals of NCNF and cyanobacterial N2 fixation (see
also Bombar et al., 2016). High NCD nifH diversity renders
identification and quantification of biogeochemically significant
individual groups challenging. The combination of in situ
hybridization approaches using halogenated probes together
with single-cell mass spectrometry (nanoscale secondary
ion mass spectrometry; nanoSIMS) has recently advanced
quantification of single-cell N2 fixation rates in UCYN-A
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(Thompson et al., 2012; Krupke et al., 2013). Similar approaches
could provide insights into the NCNF in marine environments.
Stable isotope probing and isotope microarrays could lead to
valuable future insights (Seyler et al., 2014; Arandia-Gorostidi
et al., 2017).

In describing the communities, sequencing depth and primer
specificity influence what portion of the NCD community
is detected. In addition, the detection limit for diazotroph
transcripts or genes and the detection limit for N2 fixation are
not necessarily equal. The quantification limit of quantitative
PCR is often on the order of 102 nifH gene copies L−1

(and often unreported), which could potentially result in false
negatives for cyanobacterial diazotrophs, and subsequently, lead
to false positive NCNF rates. Using small water volumes when
abundance of cyanobacterial diazotrophs is low would increase
the chances of reporting false negatives for these organisms.
On the other hand, metabolic rate measurements of microbial
samples brought to the surface from aphotic depths may be
underestimated (Tamburini et al., 2013), making both rate and
transcription analyses of deep communities challenging.

CONCLUSIONS

Our compiled analysis of data illustrates that low N2 fixation
rates were reported from marine environments where NCD
abundance was high and cyanobacterial diazotrophs were low
or undetected. NCD nifH sequences show a wider geographical
and depth distribution in pelagic environments overall than their
cyanobacterial counterparts. The emerging data suggest that the
NCD communities are diverse but only a few groups have been
identified that appear in several studies (Farnelid et al., 2011;

Turk-Kubo et al., 2014). Studies on NCD nifH transcripts in
aphotic layers are scarce or missing for many areas of the oceans.

We currently lack a fundamental understanding of the
key players and environmental regulation of NCNF in the
ocean. Ecophysiological data of the organisms contributing to
these rates are still preliminary and incomplete. Moreover,
the measured rates in most environments are generally “snap-
shots” determined during a cruise/sampling foray and have not
been examined over seasonal and annual cycles. In addition,
several methodological concerns complicate interpretation of N2

fixation rate data. Modeling the significance of NCNF in marine
N2 fixation remains a challenge due to these various constraints.
If these rates are confirmed, however, NCNF could contribute
significantly to new N inputs to the ocean. How factors such
as temperature, DIN, oxygen, trace elements, and hydrostatic
pressure drive the metabolic capacities and adaptations of NCNF
are currently only partially revealed. The actual activities and
taxon specific roles of marine NCDs remain enigmatic at present,
as do their contributions to regional and global N2 fixation.
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The classical paradigm about marine N2 fixation establishes that this process is

mainly constrained to nitrogen-poor tropical and subtropical regions, and sustained

by the colonial cyanobacterium Trichodesmium spp. and diatom-diazotroph symbiosis.

However, the application of molecular techniques allowed determining a high phylogenic

diversity and wide distribution of marine diazotrophs, which extends the range of ocean

environments where biological N2 fixation may be relevant. Between February 2014 and

December 2015, we carried out 10 one-day samplings in the upwelling system off NW

Iberia in order to: (1) investigate the seasonal variability in the magnitude of N2 fixation,

(2) determine its biogeochemical role as a mechanism of new nitrogen supply, and (3)

quantify the main diazotrophs in the region under contrasting hydrographic regimes. Our

results indicate that the magnitude of N2 fixation in this region was relatively low (0.001±

0.002 – 0.095± 0.024µmol Nm−3 d−1), comparable to the lower-end of rates described

for the subtropical NE Atlantic. Maximum rates were observed at the surface during

both upwelling and relaxation conditions. The comparison with nitrate diffusive fluxes

revealed the minor role of N2 fixation (<2%) as a mechanism of new nitrogen supply

into the euphotic layer. Small diazotrophs (<10 µm) were responsible for all N2 fixation

activity detected in the region. Quantitative PCR targeting the nifH gene revealed the

highest abundances of two sublineages of Candidatus Atelocyanobacterium thalassa

or UCYN-A (UCYN-A1 and UCYN-A2), mainly at surface waters during upwelling and

relaxation conditions, and of Gammaproteobacteria γ-24774A11 at deep waters during

downwelling. Maximum abundance for the three groups were up to 6.7 × 102, 1.5 ×

103, and 2.4 × 104 nifH copies L−1, respectively. Our findings demonstrate measurable

N2 fixation activity and presence of diazotrophs throughout the year in a nitrogen-rich

temperate region.

Keywords: N2 fixation, nitrate diffusive flux, nifH, UCYN-A, Gammaproteobacteria, NW Iberian upwelling, Atlantic

Ocean

INTRODUCTION

Dinitrogen (N2) is the most abundant form of nitrogen (N) in aquatic and terrestrial ecosystems,
however only a limited, but diverse, group of bacteria and archaea (termed diazotrophs) can use
this large N reservoir by the energy-costly process of biological N2 fixation (BNF) (Karl et al.,
2002). Diazotrophs possess nitrogenase, the enzyme that catalyzes this process, which reduces
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atmospheric N2 to bioavailable ammonium (NH+

4 ). With an
estimated global flux of ∼140–177 Tg N year−1, BNF is the
main mechanism that supplies new N to the ocean, fueling
phytoplanktonic photosynthesis and the subsequent export of
organic matter into the deep waters through the “biological
carbon pump” (Voss et al., 2013). The limited number of studies
simultaneously quantifying BNF vs. the transport of nitrate into
the euphotic zone through turbulent mixing indicate that BNF
can equal or even exceed nitrate diffusion in some regions of
the subtropical gyres (Capone et al., 2005; Mouriño-Carballido
et al., 2011; Painter et al., 2013; Fernández-Castro et al., 2015).
Therefore, BNF is a key process controlling oceanic productivity,
the carbon cycle, and climate (Gruber and Galloway, 2008).

Traditionally, it has been considered that marine BNF is
mainly restricted to nitrogen-poor tropical and subtropical
regions, and sustained by the filamentous cyanobacterium
Trichodesmium spp. and diatom-diazotroph associations.
However, the development and application of molecular
techniques allowed to determine an extremely high phylogenic
diversity of nitrogenase genes (nifH) (Zehr et al., 2000). In
addition to Trichodesmium and diatom-diazotroph associations,
marine diazotrophic groups include unicellular cyanobacteria
(UCYN-A, -B, -C) and non-cyanobacterial diazotrophs
(heterotrophic bacteria and archaea) (Zehr et al., 2003).
Diazotrophic heterotrophic bacteria comprise a wide range
of phylogenetic groups, including Firmicutes, Alpha-, Beta-,
Gamma-, Delta- and Epsilonproteobacteria (Zehr et al., 2003).

Recently, UCYN-A (or Candidatus Atelocyanobacterium
thalassa), which lives in obligate symbiosis with a picoeukaryotic
prymnesiophyte (Thompson et al., 2012), has been revealed as
a key component of the global diazotrophic community, since
it shows a wide distribution, and relatively high N2 fixation
rates (Farnelid et al., 2016; Martínez-Pérez et al., 2016). Six
different UCYN-A sublineages (UCYN-A1, -A2, -A3, -A4, -A5,
-A6) have been defined based on the genetic diversity of the nifH
sequences available in GenBank (Thompson et al., 2014; Farnelid
et al., 2016; Turk-Kubo et al., 2017). The Gammaproteobacteria-
affiliated phylotype γ-24774A11 (also named GammaA or UMB)
also exhibits a wide distribution, including contrasting marine
environments in the Atlantic, Pacific and Indian Oceans (e.g.,
Church et al., 2005; Moisander et al., 2008; Langlois et al., 2015;
Benavides et al., 2016). Gammaproteobacteria γ-24774A11 is
considered one of the most important heterotrophic diazotrophs
in the oligotrophic (sub)tropical regions (Moisander et al., 2014).

Although numerous studies have investigated the
biogeography and controlling mechanisms of marine BNF
in recent years (e.g., Moore et al., 2009; Monteiro et al., 2011;
Luo et al., 2014; Fernández-Castro et al., 2016), the limiting
factors of this process are still under debate. Due to the high
energetic cost of fixing N2 in comparison to the assimilation
of dissolved inorganic nitrogen (DIN) (mainly ammonia and
nitrate), DIN-replete environments have been considered as
inhibitory for the growth of diazotrophs and BNF activity
(Holl and Montoya, 2005). However, the discovery of a large
diversity of organisms able to fix N2, and their wide distribution,
indicated that BNF may be more widespread than previously
thought (Moisander et al., 2010). Recent studies demonstrate

the presence and activity of diazotrophs in DIN-enriched
environments such as the eastern tropical North Atlantic (Voss
et al., 2004), the western English Channel (Rees et al., 2009),
the Mekong River plume in the South China Sea (Grosse et al.,
2010), the temperate NE American coast (Mulholland et al.,
2012), and mesohaline temperate estuaries between the Baltic
Sea and the North Sea (Bentzon-Tilia et al., 2015). Evidences of
BNF have also been reported in upwelling systems such as the
eastern equatorial Atlantic (Voss et al., 2004; Foster et al., 2009;
Subramaniam et al., 2013), the Benguela upwelling system (Sohm
et al., 2011; Benavides et al., 2014), and the region off central
Chile (Raimbault and Garcia, 2008; Fernández et al., 2015).

The NW Iberian Peninsula is part of the Iberia-Canary
upwelling domain, one of the eastern boundary upwelling
ecosystems in the global ocean (Arístegui et al., 2009). This
area is characterized by the presence of coastal embayments
named Rías and the seasonal influence of wind-driven upwelling
and downwelling events (Wooster et al., 1976; Fraga, 1981).
From April to September, the prevailing northerly winds cause
upwelling, and the subsequent rise of cold and nutrient-rich
subsurface waters into the coastal euphotic layer. These nutrient
inputs, and their amplification due to remineralisation inside
the Rías (Bode et al., 1996; Álvarez-Salgado et al., 2002),
fuel the high phytoplankton production that supports a rich
marine ecosystem and productive fisheries (Fraga, 1981; Varela,
1992). From October to March, the prevailing southerly winds
favor downwelling events (Wooster et al., 1976; Fraga, 1981).
Knowledge about diazotrophic activity in the NW Iberia region is
limited to a single observation carried out in summer 2009, when
relatively low BNF rates, mainly attributed to UCYN-A, were
reported by Agawin et al. (2014) and Benavides et al. (2011). Here
we describe the results of a survey conducted in the outer part
of Ría de A Coruña between February 2014 and December 2015,
which covered contrasting hydrographic regimes. Ourmain goals
are to: (1) investigate the seasonal variability in the magnitude of
BNF, (2) determine its biogeochemical role as a mechanism of
new N supply, and (3) quantify the main diazotrophs.

MATERIALS AND METHODS

Sampling and Hydrographic

Measurements
Between February 2014 and December 2015, within the
framework of the NICANOR (Nitrogen fixation and diffusive
fluxes in the NW Iberian Peninsula) project, 10 one-day
samplings were carried out on board B/O Lura at station 2
(43.42◦N, 8.44◦W; depth = 80 m) of the RADIALES time-series
project (http://www.seriestemporales-ieo.com) (Figure 1). This
station is located in the adjacent shelf off Ría de A Coruña
(Golfo Ártabro, NW Iberian Peninsula). The samplings were
designed to cover the main hydrographic stages in this system
over a seasonal cycle, and spanned over a period of 20 months.
To simplify the interpretation of the results, we classified the
samplings into three conditions: five cruises were characterized
by downwelling (February 2014, December 2014, May 2015,
November 2015, and December 2015), three by upwelling (May
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FIGURE 1 | Sampling station (red dot) located at 80m depth in the adjacent shelf off Ría de A Coruña (Golfo Ártabro, NW Iberian Peninsula). The 50, 100, 150, and

200m isobaths are indicated.

2014, April 2015, and June 2015), and another two by relaxation,
i.e., intermediate conditions between upwelling and downwelling
pulses (July 2015, and September 2015). This classification was
based on the wind-driven upwelling index and the hydrographic
conditions of the water column (see results). The upwelling
index (IW) was estimated by the Ekman transport (m3 s−1

km−1) and computed from wind data for the sector Rías Altas
(44◦N 9◦W), near Ría de A Coruña, using the NAVGEM model
of Fleet Numerical Meteorology and Oceanography Center
(FNMOC) (http://www.indicedeafloramiento.ieo.es), averaged
over the 3 days period before each cruise. On each sampling
day, profiles of temperature, salinity and fluorescence were
obtained with a CTD (Conductivity-Temperature-Depth) probe
SBE25plus (SeaBird Electronics) attached to a rosette of Niskin
bottles. Water samples were collected for the determination
of inorganic nutrients, chlorophyll a, primary production,
picoplankton composition, biological N2 fixation, as well as for
DNA extraction. In 7 out of the 10 surveys, measurements of
dissipation rates of turbulent kinetic energy were conducted
using a microstructure turbulence profiler (MSS, Prandke and
Stips, 1998).

In order to facilitate the comparison between hydrographic
conditions, we provide mean and standard deviation for the
variables quantified under the relaxation condition, despite the
low number of samplings (n = 2). We are aware that a higher
number of samplings would be desirable to better characterize
averaged physical, chemical and biological fields in this system,
where variability happens at short temporal scales of a few days
(Casas et al., 1997; Gilcoto et al., 2017).

Inorganic Nutrients, Chlorophyll a, and

Primary Production
Unfiltered samples for the determination of dissolved inorganic
nutrients (NO−

3 , PO3−
4 ) were collected from 3 to 7 depths

in rinsed polyethylene 15-mL tubes and stored frozen at
−20◦C, until further analysis by standard colorimetric methods
on a segmented flow AutoAnalyzer 3 Bran Luebbe (Aminot
and Kerouel, 2007). Nutrient analysis were performed at the
facilities of the University of Oviedo (Spain). Data for nutrient
concentrations were not available for December 2014 and April
2015. In these cases, nitrate concentration was computed from
a nitrate-density (σt) relationship built by using all samples (n
= 52) collected during the sampling period. The relationship
showed a linear behavior (NO−

3 = 9.948σt − 260.850; R2 = 0.930;
p < 0.05) for σt ranging between 26.1 and 27.1 Kg m−3.

During all samplings except February 2014, when only the
total fraction was available, size-fractionated (< and > 10
µm) chlorophyll a and primary production were determined
at 0, 20, and 40 m. 150-mL samples were filtered onto
Whatman GF/F filters for the total fraction, and onto Whatman
polycarbonate filters for the >10 µm fraction. Filters for
chlorophyll a quantification were extracted in 90% acetone
at 4◦C overnight and measured using the spectrofluorometric
method, as described in Bode et al. (2011). Fluorometrically
determined chlorophyll a concentrations, ranging from 0.1 to
5.8mg m−3, were used to calibrate the fluorometer attached to
the CTD-rosette (Chl a = 0.533 × fluorescence − 0.212; R2

= 0.830, n = 121), which was used to plot the chlorophyll a
distribution in February 2014, December 2014, and December
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2015. In May 2014, and from April to November 2015, we used
the fluorometer included in the MSS profiler (see below), also
calibrated with chlorophyll a concentrations ranging from 0.1 to
6.5mg m−3 (Chl a = 3.520 × fluorescence–5.125; R2

= 0.770,
n = 36), obtained in the same station during the same sampling
period. Size-fractionated primary production was measured by
14C-uptake. Seawater samples were transferred to triplicate
300–mL polycarbonate bottles (Nalgene) (2 light and 1 dark
bottles), which were spiked with 2–10 µCi of NaH14CO3 and
incubated during 24 h in refrigerated incubators equipped with
a system of recirculating water, and covered with neutral density
screens to simulate the corresponding in situ irradiance. Sample
filtration, filter processing and primary production calculations
were conducted as described in detail in Bode et al. (2011).

Flow Cytometric Counting
Samples for the determination of picoplankton abundance and
cell properties were taken at 0, 40, and 70m depth. Picoplankton
samples (1.8 ml) were preserved with 1% paraformaldehyde
+ 0.05% glutaraldehyde (final concentration), flash-frozen in
liquid N2 for 10 min and stored at −80◦C until analysis with a
FACSCalibur flow cytometer (Becton-Dickinson) equipped with
a laser emitting at 488 nm. To estimate the abundance of the
different groups (cell mL−1), calibration of the cytometer flow
rate was performed before each use. A suspension (approximately
1 × 105 mL−1) of fluorescent latex beads 1 µm in diameter
(Molecular Probes, Life Technologies) was added to all the
samples as internal standard. Two aliquots from the same sample
were used for the study of picophytoplankton (0.6 ml) and
heterotrophic bacteria (0.4 ml), analyzed at high (∼mean 58 µL
min−1) and low (∼mean 22 µL min−1) flow rate, respectively.
Before the analysis, the DNA of heterotrophic bacteria was
stained with the nucleic acid fluorochrome SYTO-13 (2.5 µM;
Molecular Probes, Life Technologies) in the dark for 10min.

Autotrophic cells were separated into 2 groups of
cyanobacteria (Synechococcus and Prochlorococcus) and 2
groups of picoeukaryotes (small and large), based on their
orange (FL2, 585 nm) and red (FL3, >650 nm) fluorescence and
side-scattered light (SSC) (Calvo-Díaz and Morán, 2006). Two
groups of heterotrophic bacteria, with high and low nucleic acid
content (HNA and LNA, respectively), were distinguished based
on their relative green fluorescence (FL1, 530 nm), which was
used as a proxy for nucleic acid content.

To estimate biovolume, we used an empirical calibration
between SSC and cell diameter, assuming spherical shape for
all groups. Finally, picoplankton biomass was computed using
the following conversion factors of biovolume to carbon: 350 fg
C µm−3 for heterotrophic bacteria (Bjørnsen, 1986), 230 fg C
µm−3 for Synechococcus, 240 fg C µm−3 for Prochlorococcus and
237 fg C µm−3 for picoeukaryotes (Worden et al., 2004).

Biological N2 Fixation
Water samples from 0, 20, 40, and 70m depth were collected with
Niskin bottles to determine size-fractionated (< and >10 µm)
N2 fixation following the 15N2-uptake technique (Montoya et al.,
1996), with the modifications described in Rees et al. (2009). In
February 2014, only surface water (0 m) was sampled. Triplicate

2-L acid-cleaned clear polycarbonate bottles (Nalgene) were filled
directly from the Niskin bottle using acid-washed silicone tubing.
After carefully removing all air bubbles, bottles were closed
with caps provided with silicone septa, through which 3 mL of
15N2 (98 atom%, Isotec Stable Isotopes lot TV0533 in February
2014, and Cambridge Isotope Laboratories lots I-16727 and I-
19168A in the remaining samplings) were injected with a gas-
tight syringe. The pressure across the septum was equilibrated
by allowing the excess water to escape through a syringe needle
piercing the septum. Incubation bottles were gently shaken
by manually inverting them fifty times, and then incubated
for 24 h in the same incubators used for primary production
measurements. The incubation of seawater from 70m (collected
in the aphotic zone) was performed under complete darkness, by
covering the incubation bottles with black duct tape and placing
them inside a black opaque plastic bag.

Incubations ended by filtration through 25 mm Whatman
GF/F filters to obtain total N2 fixation rates. N2 fixation rates
of the <10 µm size-fraction were determined by pre-filtering
the water sample through 47 mmWhatman polycarbonate filters
of 10 µm pore-size, and subsequently collecting onto GF/F
filters. Total and pre-filtered 2-L seawater samples from each
depth were also filtered at time zero for the determination of
natural abundance of N stable isotopes (δ15N). After filtration,
filters were dried at 40◦C during 24 h and stored at room
temperature until pelletization in tin capsules. Measurement
of particulate organic nitrogen and carbon (PON and POC)
content and 15N atom% were carried out with an elemental
analyser combined with a continuous-flow isotope ratio mass-
spectrometer (FlashEA112 + Deltaplus, ThermoFinnigan), and
using an acetanilide standard as reference. The precision of the
analysis, expressed as the standard deviation of the 15N values
determined in a series of 10 standards, was 0.15‰. Isotopic
analyses were made at the stable isotope facility (SAI) of the
University of A Coruña (Spain). Assuming that the minimum
acceptable change of δ

15 N between the initial and the final
PON sample is 4‰ (Montoya et al., 1996), and given that
the detection limit of the used elemental analyzer is 0.15–
0.20 µg N, the detection limit of our method is approximately
0.0005 nmol N L−1 d−1. The equations of Weiss (1970) and
Montoya et al. (1996) were used to calculate the initial N2

concentration (assuming equilibrium with atmosphere) and N2

fixation rates, respectively. The fact that we obtained in several
samplings at different depths BNF rates equal to zero, or below
the detection limit, allowed us to discard any effect of potential
contamination in the commercial 15N2 gas stocks (Dabundo
et al., 2014).

Average cell-specific N2 fixation rates by UCYN-A that
would be required to explain the observed BNF rates, were
calculated based on their qPCR-estimated abundances and the
BNF measured, following the assumptions and calculations
indicated in Turk-Kubo et al. (2014). Representative cell-specific
rates for UCYN-A ranging from 0.02 to 2.6 fmol N cell−1

h−1 have been directly estimated or modeled by Goebel et al.
(2010). Considering these known cell-specific rates, we roughly
estimated whether the UCYN-A abundances in our samples
could account for the measured bulk BNF rates.
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DNA Samples Collection and Extraction
During all samplings except February 2014, when only the
sample at 0m was collected, seawater samples for DNA were
collected at 0, 20, 40, and 70m depth, transferred to acid-cleaned
carboys using acid-washed silicone tubes and kept in darkness
until further processing in the laboratory. Microbial biomass
was collected by filtering 7.5-10 L of seawater through a 0.22
µm SterivexTM filter unit (Millipore) using a peristaltic pump.
The filters were preserved with 1.8 mL of lysis buffer (50 mM
Tris-HCl pH 8.3, 40 mM EDTA pH 8.0, 0.75 M sucrose) and
stored at −80◦C until extraction. DNA was extracted using the
PowerWater R© DNA Isolation Kit (MO BIO, Laboratories, Inc.),
quantified and quality-checked (according to the A260/A280 ratio)
using a spectrophotometer NanoDrop 2000TM (Thermo Fisher
Scientific).

Quantification of nifH Gene by qPCR
The abundance of diazotrophs was determined by quantitative
polymerase chain reaction (qPCR) using TaqMan primers-probe
sets (PrimeTime R© qPCR Assays, Integrated DNA Technologies)
targeting Gammaproteobacteria-affiliated phylotype γ-24774A11
(Moisander et al., 2008), UCYN-A1 (Church et al., 2005), and
UCYN-A2 (Thompson et al., 2014). However, we are aware
that the primers-probe set designed for UCYN-A2 does not
contain enough mismatches to avoid cross-hybridization with
the UCYN-A3 and UCYN-A4 sublineages (Farnelid et al., 2016).
The probes were 5′FAM labeled and double-quenched with
ZENTM/3′-IBFQ (Integrated DNA Technologies). The reactions
were run on a MyiQ2TM Real-Time PCR Detection System (Bio-
Rad Laboratories) at the Instituto Español de Oceanografía (IEO).
Final reaction volume of 20 µL contained 10 µL PrimeTime R©

Gene Expression Master Mix (IDT), 2 µL DNA template, 2
µL of primers-probe set (0.5 and 0.25 µM final concentrations,
respectively), and 6 µL PCR grade water (Sigma-Aldrich).
Thermal cycling conditions were 95◦C for 3 min, followed by
45 cycles of 95◦C for 15 s and 60◦C for 1 min. Standards,
consisting of nine 10-fold serial dilutions containing the targeted
nifH fragments (gBlocks R© Gene Fragments, IDT), were included
with each qPCR run. All samples and standards were run in
duplicate. Standard curves were obtained by linear regression
of the threshold cycle (Ct) and log10 gene copies per reaction
using standards ranging from 108 to 100 gene copies per reaction.
Amplification efficiencies were >90% for all reactions. No-
template control sample was run in duplicate in all plates and it
did not amplify in any runs. We performed inhibition tests by 2-
and 5-folds dilutions of all samples and we concluded that our
samples were not inhibited. The limit of detection (LOD) and
detected but not quantified (DNQ) limits were 4 nifH copies L−1

and 41 nifH copies L−1, respectively. Abundances below LOD
were considered 0 copies L−1, whereas nifH copies higher than
LOD but less than DNQ were assigned a conservative value of 1
nifH copy per liter.

Dissipation Rates of Turbulent Kinetic

Energy and Estimates of Nitrate Fluxes

through Vertical Diffusion
Measurements of dissipation rates of turbulent kinetic energy
were conducted on each cruise during 6–10 vertical casts down

to a maximum depth of 70 m. The microstructure turbulence
profiler was equipped with 2 velocity microstructure shear
sensors (type PNS98), a microstructure temperature sensor
(FPO7), a sensor to measure horizontal acceleration of the
profiler and a high-precision CTD probe. Fluorometrically
determined chlorophyll a concentrations were used to calibrate
the fluorometer sensor included in theMSS profiler, as previously
indicated. The profiler was balanced to have negative buoyancy
and a sinking velocity of∼0.4 to 0.7m s−1. The frequency of data
sampling was 1024 Hz. The sensitivity of the shear sensors was
checked after each use. Due to significant turbulence generation
close to the ship, only the data below 5m were considered
reliable. Data processing and calculation of dissipation rates of
turbulent kinetic energy (ε) was carried out with the commercial
software MSSpro as described in detail in Fernández-Castro et al.
(2014). The squared Brunt Väisälä frequency (N2), a proxy for
water column stratification, was computed from the CTD profiles
according to the equation:

N2
= −

(

g

ρw

) (

∂ρ

∂z

)

(

s−2
)

(1)

where g is the acceleration due to gravity (9.8m s−2), ρw
is seawater density (1,025 kg m−3), and ∂ρ/∂z is the vertical
potential density gradient. After averaging ε and N2 over depth
intervals of 1m length, vertical diffusivity or mixing (Kz) was
estimated as:

Kz = e
ε

N2
(m2s−1) (2)

where e is the mixing efficiency, here considered as 0.2 (Osborn,
1980).

Vertical diffusive fluxes of nitrate into the euphotic layer were
calculated following the Fick’s law, from the product of the nitrate
gradient, obtained by linearly fitting nitrate concentrations in
the 10–40m depth layer, and the averaged Kz for the same
depth interval. For those samplings in which the microstructure
profiler was not deployed (February 2014, December 2014, and
December 2015), estimates of Kz under similar hydrographic
conditions were considered: October 2014 (for February 2014),
and November 2015 (for December 2014 and December 2015).
In order to quantify the biogeochemical relevance of BNF, we
compared it with the supply of nitrate into the euphotic zone
through vertical diffusion.

Nitrate Supply through Vertical Advection
A simplified calculation of nitrate supply by vertical advection
due to upwelling was computed considering the Golfo Ártabro as
a single box divided into two layers (Álvarez-Salgado et al., 2000;
Villamaña et al., 2017), the deeper one influenced by upwelled
water and the surface layer dominated by the outgoing flow.
Assuming that the bottom layer volume is conservative and
stationary, the vertical advective flux (QZ , m

3 s−1) would be
equal to the incoming bottom flux (QB, m

3 s−1), computed as
the product of the upwelling index (IW, m3 s−1 km−1) and the
length of the mouth of the Golfo Ártabro (ca. 11.5 km). Finally,
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the nitrate transport into the euphotic layer by vertical advection
was computed as:

NO−

3 advective flux =

QZ

Abasin
[NO−

3 ]70 m (3)

where Abasin is the surface area of the Golfo Ártabro (ca.
400 km2), QZ is the vertical advective flux, and [NO−

3 ]70 m is the
nitrate concentration determined at 70m depth for each cruise in
the sampling station.

All the statistical analysis were performed by using SPSS v. 22
for Windows (IBM SPSS Statistics).

RESULTS

Hydrography and Turbulent Mixing
During our survey we encountered the main hydrographic
features of a temperate coastal region subjected to seasonal
variability and influenced by upwelling pulses, which in this
system induce large variability at short temporal scales (Bode
et al., 1996; Casas et al., 1997). During downwelling conditions,
we sampled winter (February 2014 and December 2014) and
autumn (November 2015 and December 2015) mixing, and
also a spring transitional period under prevailing predominance
of downwelling (May 2015) (Figure 2). Autumn mixing was
characterized by thermohaline mixing, whereas during winter
mixing the slight haline stratification caused mixed layer depth
being shallower (Figure 3, Table S1). In May 2015, the higher
vertical gradient in temperature and salinity at the surface
produced that the mixed layer depth was even shallower.
However, during downwelling averaged vertical stratification
(determined as Brunt Väisälä frequency) between 10 and
40m was relatively low (4.4 ± 7.1 × 10−5 s−2), and as
a result the mixed layer depth was significantly deeper (50
± 22 m), than during upwelling and relaxation conditions
(Table 1, Figure S1). Microstructure turbulence observations,
which were only available for May and November 2015,
showed relatively low values of averaged vertical (10–40 m)

dissipation rates of turbulent kinetic energy (ε) in both cruises
(1.3–2.2× 10−8m2 s−3).

Cruises which sampled spring-summer upwelling (May 2014,
April 2015, and June 2015) were characterized by shallow mixed
layer depths (9± 3 m) (Table 1, Figure S1). Due to the enhanced
values observed in the upper 20m in May 2014, averaged
dissipation rates were slightly higher during this cruise (4.3± 7.3
× 10−8 m2 s−3) (Figure 3, Table S1).

Relaxation conditions included two cruises (July 2015 and
September 2015), which sampled the transition between intense
upwelling and downwelling events during the summer thermal
stratification period (Figure 2). Both cruises were characterized
by intense vertical stratification (19.7 ± 21.9 × 10−5 s−2), and
shallow mixed layer depths (12 ± 1 m) (Table 1, Figure 3). As
a result of the relatively low vertical stratification and enhanced
dissipation rates observed between 25 and 40m depth layer,
averaged vertical diffusivity (12.0 ± 33.0 × 10−4 m2 s−1)
was higher, although not statistically significant, than during
downwelling (4.5± 7.6× 10−4 m2 s−1) and upwelling conditions
(1.5± 4.2× 10−4 m2 s−1).

Nutrients, Chlorophyll a, and Primary

Production
In downwelling conditions, due to the low stratification and
deeper mixed layers, nitrate and phosphate vertical profiles were
relatively homogeneous, whereas during upwelling, the input of
cold and high-nitrate waters at depth caused significant enhanced
nutrient vertical gradients (Figure 4). Vertical gradients of nitrate
were also higher during relaxation, and the concentrations
at depth of both nitrate and phosphate were higher during
September 2015, compared to July 2015, due to the intensifying
upwelling observed one week before the September 2015
sampling (Figure 2). On average, the vertical nitrate gradient
between 10 and 40m depth during upwelling (148 ± 41 µmol
m−4) and relaxation (139 ± 2 µmol m−4) was significantly
higher than during downwelling (15 ± 13 µmol m−4)
(Table 1).

Vertical profiles of total chlorophyll a and primary production
were also homogeneous during downwelling (Figure 5). During

FIGURE 2 | Upwelling index (IW) computed in the region during the sampling period covering from February 2014 to December 2014, and April 2015 to December

2015. Positive (negative) values correspond to upwelling (downwelling) due to northerly (southerly) winds. The shaded areas indicate the 3 days period before each

sampling, and the dashed lines indicate the break between 2014 and 2015. Letters on the top indicate downwelling (D), upwelling (U), and relaxation (R) conditions.
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FIGURE 3 | Vertical distribution of temperature (T), salinity (Sal), density (sigma-t), chlorophyll a concentration (Chl a), squared Brunt Väisälä frequency (N2), dissipation

rates of turbulent kinetic energy (ε), and vertical diffusivity (Kz). The black line in the sigma-t panel indicates the mixed layer depth, estimated from an increase in

water column density of 0.125 kg m−3 relative to surface values. Letters on top panel indicate the hydrographic condition sampled on each cruise (D, downwelling; U,

upwelling; and R, relaxation). Chlorophyll a concentration was calculated from the calibrated fluorescence sensor included in the CTD-rosette (February 2014,

December 2014, and December 2015) and the MSS profiler (May 2014, April-November 2015) (see section Materials and Methods).

these conditions depth-integrated chlorophyll a and primary
production were, on average, relatively low (31 ± 16mg
m−2 and 1,359 ± 1,032mg C m−2 d−1, respectively), and
dominated (>80 %) by small (<10 µm) phytoplankton cells
(Table 1, Figure S1). During upwelling the fertilization effect
of deep waters stimulates phytoplankton growth, and increases
the contribution of larger cells (>10 µm). Averaged depth-
integrated chlorophyll a (65 ± 35mg m−2) and primary
production (5,192 ± 538mg C m−2 d−1) were slightly and

significantly, respectively, higher than during downwelling
and relaxation, and the contribution of larger cells to both
chlorophyll a and primary production was higher than 60%.
During relaxation depth-integrated chlorophyll a (20 ± 2mg
m−2) and primary production (1,611 ± 295mg C m−2 d−1)
were relatively low. In September 2015, small phytoplankton
cells contributed more than 80% to both chlorophyll a and
primary production, whereas in July 2015 the contribution was
lower than 50%.
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TABLE 1 | Mean (±SD) values for selected variables determined during the samplings classified as downwelling (D), upwelling (U), and relaxation (R) conditions.

Variable D (n = 5) U (n = 3) R (n = 2) Kruskal-Wallis p-value Bonferroni comparisons

Upwelling Index (m3 s−1 Km−1) −1858 ± 1585 1338 ± 1878 472 ± 1176 0.120

Surface temperature (◦C) 14.8 ± 1.8 14.2 ± 1.1 16.3 ± 0.1 0.216

Surface salinity 35.2 ± 0.8 35.3 ± 0.3 35.4 ± 0.2 0.700

MLD (m) 50 ± 22 9 ± 3 12 ± 1 0.027* D > U, R

N2 (s−2) × 10−5 4.4 ± 7.1 11.7 ± 12.3 19.7 ± 21.9 0.047* D < R

ε (m2 s−3) × 10−8 1.8 ± 1.8 2.2 ± 4.6 3.0 ± 3.9 0.738

Kz (m2 s−1) × 10−4 4.5 ± 7.6 1.5 ± 4.2 12.0 ± 33.0 0.107

Surface NO−

3 (µM) 3.9 ± 2.5 1.7 ± 1.8 1.2 ± 1.6 0.295

(40 m) NO−

3 (µM) 3.3 ± 2.4 6.9 ± 3.0 5.7 ± 2.9 0.354

Surface PO3−
4 (µM) 0.20 ± 0.09 0.20 ± 0.18 0.34 ± 0.01 0.181

(40 m) PO3−
4 (µM) 0.39 ± 0.19 0.28 ± 0.12 0.37 ± 0.27 0.705

NO−

3 gradient (µmol m−4) 15 ± 13 148 ± 41 139 ± 2 0.032* D < U, R

NO−

3 diffusive flux (µmol m−2 d−1) 795 ± 902 2241 ± 3134 14324 ± 3063 0.106

Surface Chl a (mg m−3) 0.9 ± 0.3 1.6 ± 0.1 0.8 ± 0.5 0.055

Int Chl a (mg m−2) 31 ± 16 65 ± 35 20 ± 2 0.094

% Int Chl a <10 µm 85 ± 8 34 ± 8 64 ± 25 0.047* D > U, R

Int PP (mg C m−2 d−1) 1359 ± 1032 5192 ± 538 1611 ± 295 0.040* U > D, R

% Int PP <10 µm 81 ± 8 38 ± 3 59 ± 42 0.054

Surface N2 fixation (µmol N m−3 d−1) 0.016 ± 0.020 0.068 ± 0.038 0.072 ± 0.008 0.085

Int N2 fixation (µmol N m−2 d−1) 0.7 ± 0.6 1.1 ± 0.7 0.8 ± 0.1 0.639

Contribution BNF (%) 0.15 ± 0.20 0.65 ± 0.82 0.01 0.260

Surface Gamma (nifH copies L−1) 2557 ± 4351 305 ± 528 1286 ± 912 0.284

Int Gamma (nifH copies m−2
×105) 145 ± 205 13 ± 23 132 ± 124 0.151

Surface UCYN-A1 (nifH copies L−1) 33 ± 64 189 ± 31 617 ± 74 0.001** R > D, U

Int UCYN-A1 (nifH cop. m−2
×105) 1.4 ± 1.3 1.3 ± 0.2 13.0 ± 0.0 <0.001*** R > D, U

Surface UCYN-A2 (nifH copies L−1) 137 ± 240 427 ± 562 867 ± 863 0.165

Int UCYN-A2 (nifH cop. m−2
×105) 7.3 ± 6.6 9.7 ± 9.8 21.0 ± 15.6 0.386

S-picoEuk biomass (mg C m−2) 28 ± 12 14 ± 9 10 ± 9 0.129

S-picoEuk contribution (%) 13 ± 5 6 ± 4 6 ± 4 0.135

L-picoEuk biomass (mg C m−2 ) 38 ± 38 34 ± 27 13 ± 11 0.425

L-picoEuk contribution (%) 14 ± 7 14 ± 13 7 ± 4 0.571

Synechococcus biomass (mg C m−2) 15 ± 7 4 ± 5 5 ± 6 0.201

Synechococcus contribution (%) 7 ± 3 1 ± 1 3 ± 3 0.053

Prochlorococcus biomass (mg C m−2) 7 ± 6 2 ± 0 2 ± 0 0.138

Prochlorococcus contribution (%) 3 ± 3 1 ± 0 1 ± 0 0.262

HNA biomass (mg C m−2) 96 ± 38 164 ± 56 99 ± 8 0.152

HNA contribution (%) 43 ± 6 62 ± 10 62 ± 13 0.032* D < U

LNA biomass (mg C m−2) 48 ± 23 40 ± 13 36 ± 14 0.834

LNA contribution (%) 20 ± 3 15 ± 2 21 ± 3 0.131

MLD corresponds to the mixed layer depth, estimated from an increase in water column density of 0.125 Kg m−3 relative to surface values. Squared Brunt Väisälä frequency (N2),

dissipation rates of turbulent kinetic energy (ε), and vertical diffusivity (Kz) correspond to averaged values for the 10–40m depth interval. The same interval was used to compute vertical

NO−

3 gradients and diffusive fluxes. Depth-integrated values (Int) for chlorophyll a, primary production (PP), contribution of <10 µm size-fraction, N2 fixation rates, Gammaproteobacteria

γ -24774A11 (Gamma) and UCYN-A nifH abundances, and biomass of picoplankton groups were calculated down to 40 m. BNF contribution represents the contribution of biological

N2 fixation to the supply of new N (considering N2 fixation plus nitrate vertical diffusion). The contribution of each group to total picoplankton biomass is also included. A nonparametric

one-way ANOVA (Kruskal-Wallis) was performed to test the null hypothesis that independent groups come from distributions with equal medians (*p < 0.05; **p < 0.01; ***p < 0.001).

The Bonferroni multiple comparison test was applied a posteriori to analyse the differences between every pair of groups (D, U, R). n, Indicates the number of cruises included in each

hydrographic condition.

Picoplankton Community Composition
Flow cytometry data showed that picoplankton biomass was
largely dominated by heterotrophic bacteria (HNA and LNA),
followed by picoeukaryotes (large and small), and finally
cyanobacteria (Synechococcus and Prochlorococcus) (Table 1,

Table S1, Figure S2). The averaged contribution of HNA
bacteria to total biomass peaked (ca. 60%) during upwelling
and relaxation conditions. Consistently with the information
provided by size-fractionated chlorophyll a, which showed the
predominance of small (<10 µm) cells during downwelling
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FIGURE 4 | Vertical distribution of nitrate (NO−

3 ) and phosphate (PO3−
4 )

concentration (µM) during (A) downwelling, (B) upwelling, and (C) relaxation

conditions. Dashed line in nitrate profiles between 10 and 40m depth in

December 2014 and April 2015 indicate nitrate concentrations computed from

the nitrate-density (σt) relationship (see section Materials and Methods).

(Figure 5), the averaged depth-integrated biomass of total
picophytoplankton (i.e., large and small picoeukaryotes plus
Synechococcus and Prochlorococcus cyanobacteria) (88 ± 48mg
C m−2), was during this condition slightly higher than during
upwelling (54 ± 23mg C m−2), and relaxation (31 ± 26mg C
m−2).

The vertical distribution of picoeukaryotic biomass,
which potentially would include the UCYN-A diazotroph-
prymnesiophyte host (Thompson et al., 2012, 2014), was
relatively homogeneous during downwelling, with the exception
of May 2015, when the highest biomass (>3 µg C L−1) was
observed in the upper 40m (Figure 6). During upwelling
conditions, the vertical distribution of picoeukaryotes biomass
showed small vertical variability in May 2014, whereas in April
and June 2015 enhanced values (>2 µg C L−1) were observed
at the surface. During relaxation, small vertical variability was
observed in July 2015, whereas in September 2015 enhanced
values (>1.5 µg C L−1) also occurred at surface waters.

Magnitude and Biogeochemical Relevance

of Biological N2 Fixation
No significant differences (Kruskal-Wallis, p > 0.05) were found
between the BNF rates corresponding to the total and small

(<10 µm) size-fractions (data not shown), suggesting that
small diazotrophs, presumably unicellular, were responsible for
all the BNF activity detected in the region. For this reason,
only BNF rates corresponding to the total size-fraction are
described here. Whereas no significant differences were observed
in depth-integrated rates, which ranged from 0.1 ± 0.1 to 1.6
± 0.5 µmol N m−2 d−1 (Table 1), contrasting vertical patterns
were observed during downwelling, upwelling and relaxation
conditions (Figure 6).

During downwelling, the vertical distribution of BNF was
relatively homogeneous, and no significant differences were
found between the rates determined at different depths (Kruskal-
Wallis, p > 0.05) (Figure 6). Depth-integrated rates were slightly
higher in December 2014 (1.3 ± 0.4 µmol N m−2 d−1) and
May 2015 (1.0 ± 0.3 µmol N m−2 d−1), compared to November
2015 (0.3 ± 0.1 µmol N m−2 d−1) and December 2015 (0.1 ±

0.1 µmol N m−2 d−1). During both upwelling and relaxation
conditions, maximum rates were observed in general at the
surface, decreasing between 20 and 40m and slightly increasing
again at 70 m. Depth-integrated rates were higher in April 2015
(1.6 ± 0.5 µmol N m−2 d−1, upwelling) and September 2015
(0.8 ± 0.1 µmol N m−2 d−1, relaxation) compared to June
2015 (0.6 ± 0.3 µmol N m−2 d−1, upwelling). As a result of
the hydrographic patterns described, when considering all the
samplings together, BNF was negatively correlated with mixed
layer depth (Pearson’s r = −0.364, p < 0.05), whereas a positive
significant relationship was found with the primary production
corresponding to the small (<10 µm) size-fraction (Pearson’s r
= 0.573, p < 0.01).

Due to the increased vertical diffusivity and vertical nitrate
gradient determined during relaxation conditions, averaged
nitrate diffusive fluxes during these samplings were more than
six-fold higher (14.3 ± 3.1 mmol m−2 d−1), compared to
upwelling (2.2 ± 3.1 mmol m−2 d−1), and downwelling (0.8 ±

0.9 mmol m−2 d−1) conditions (Table 1, Figures 3, 4). These
numbers were between 2 and 5 orders of magnitude higher than
the estimates of depth-integrated BNF (0.1± 0.1–1.6± 0.5 µmol
m−2 d−1) carried out during the NICANOR samplings. From a
biogeochemical perspective, the comparison between these two
processes evidences that the relevance of BNF in this system,
which was relatively higher during the upwelling conditions
sampled in April 2015, was always <2% (Table S1).

nifH Gene Abundances
Clone library analysis of the nitrogenase gene (nifH)
recovered from DNA samples obtained during the NICANOR
samplings revealed that most of sequenced clones belonged
to unicellular cyanobacterial and heterotrophic bacterial
diazotrophs (Moreira-Coello et al., in preparation). nifH
clusters 1G (Gammaproteobacteria), 1B (Cyanobacteria)
and 3E (Verrucomicrobia and Deltaproteobacteria) were the
most abundant, representing 29, 21, and 22% of total nifH
clones, respectively. The other clusters represented less than
8% of relative abundances each. Most of clones belonged
to Pseudomonas stutzeri (1G) (21%), UCYN-A (1B) (21%),
Opitutaceae bacterium (3E) (9%) and Desulfovibrio aespoeensis
(3E) (8%), whereas the rest of diazotrophs represented <7%
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FIGURE 5 | Vertical distribution of total chlorophyll a concentration (Chl a), contribution of <10 µm size-fraction to total chlorophyll a (%), total primary production

(PP), and contribution of <10 µm size-fraction to total primary production, during (A) downwelling, (B) upwelling, and (C) relaxation conditions.

each. Considering that the two most abundant groups were
UCYN-A and Gammaproteobacteria-affiliated phylotypes (1G),
we used the qPCR primers-probe sets available for quantifying
UCYN-A sublineages (-A1 and -A2) and Gammaproteobacteria
γ-24774A11 phylotype, widely distributed and considered
one of the most important heterotrophic diazotrophs (e.g.,
Moisander et al., 2014; Langlois et al., 2015). The quantification
of these diazotrophs allowed examining their relative importance
through the year. All the abundances were above the limit
of detection, except the abundance of UCYN-A1 determined
at the surface in February 2014 (downwelling), and the
abundances of Gammaproteobacteria determined at the surface
and 40m depth in May 2014 and April 2015 (upwelling)
(Figure 6).

The Gammaproteobacteria phylotype was significantly more
abundant than UCYN-A1 and UCYN-A2 during downwelling
and relaxation (Bonferroni comparisons, p < 0.05) (Table 1,
Figure 6). Although not statistically significant, both surface (3.1
± 5.3 × 102 nifH copies L−1) and depth-integrated (13 ± 23
× 105 nifH copies m−2) abundances of Gammaproteobacteria
were slightly lower during upwelling, as in May 2014 and April
2015 the abundances between 0 and 40m depth were below LOD
or DNQ limits (Table S1, Figure S1). During downwelling and
relaxation conditions, Gammaproteobacteria showed vertical
variability, reaching maximum abundances at 70m depth. In
November 2015 (downwelling) and September 2015 (relaxation)
we found the highest surface (9.0× 103 and 1.9× 103 nifH copies

L−1, respectively) and depth-integrated abundances (380 × 105

and 220 × 105 nifH copies m−2, respectively) measured on all
cruises.

During relaxation, UCYN-A1 abundance increased at the
surface, and both surface (6.2 ± 0.7 × 102 nifH copies L−1) and
depth-integrated (13 ± 0 × 105 nifH copies m−2) abundance
were significantly higher than during downwelling (33± 64 nifH
copies L−1 and 1.4 ± 1.3 × 105 nifH copies m−2, respectively)
and upwelling conditions (1.9 ± 0.3 × 102 nifH copies L−1 and
1.3± 0.2× 105 nifH copies m−2, respectively), when the vertical
distribution of this group did not exhibit important vertical
variability (Table 1, Figure 6).

The abundance of UCYN-A2 was higher than UCYN-A1
(Kruskal-Wallis, p < 0.05) and showed larger vertical variability
(Figure 6, Table S1). On average, surface and depth-integrated
abundances of UCYN-A2 were slightly higher during relaxation
(8.7 ± 8.6 × 102 nifH copies L−1 and 21 ± 16 × 105 nifH copies
m−2, respectively), compared to upwelling (4.3± 5.6× 102 nifH
copies L−1 and 10± 10× 105 nifH copies m−2, respectively) and
downwelling (1.4 ± 2.4 × 102 nifH copies L−1 and 7 ± 7 × 105

nifH copies m−2, respectively) (Table 1). During downwelling,
higher values occurred at 70m in November 2015 (6.9 × 102

nifH copies L−1), and also at the surface in December 2015 (5.0
× 102 nifH copies L−1). During upwelling and relaxation, the
maximum abundances were quantified at the surface in June 2015
(1.1× 103 nifH copies L−1) and September 2015 (1.5× 103 nifH
copies L−1), respectively.
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FIGURE 6 | Vertical distribution of BNF rates (µmol N m−3 d−1), Gammaproteobacteria γ-24774A11, UCYN-A1, and UCYN-A2 nifH copies L−1, and carbon

biomass (µg C L−1) of total (small+large) picoeukaryotes during (A) downwelling, (B) upwelling, and (C) relaxation conditions. Error bars in BNF panels represent

standard deviation. Abundances below DNQ limit (detected but not quantified, <41 nifH copies L−1) were assigned a conservative value of 1 nifH copy L−1, which is

indicated by a dotted line on the charts.

DISCUSSION

Magnitude and Biogeochemical Relevance

of BNF
Our results demonstrate the existence of detectable BNF
activity (0.001 ± 0.002–0.095 ± 0.024 µmol N m−3 d−1)
under contrasting hydrographic regimes in a nitrogen-rich
temperate coastal system subjected to upwelling pulses. During
downwelling-influenced cruises the vertical pattern of BNF was
rather homogeneous, whereas during upwelling and relaxation
the BNF rates peaked in the well-lit surface waters, where
we measured the highest rates of all cruises. Comparing with
other studies using the same technique (15N2-gas tracer method,
Montoya et al., 1996) and performed in similar nitrate-rich
and temperate areas, our volumetric BNF rates were of similar
magnitude to those measured by Benavides et al. (2011) in Cape
Silleiro (NW Iberian Peninsula) in summer 2009, but between
1 and 3 orders of magnitude lower than those measured by
Mulholland et al. (2012) in the temperate NE American coast
during several summer and autumn cruises, and by Rees et al.
(2009) in the western English Channel in summer. On a global
context, our BNF rates estimated in the outer part of Ría de A

Coruña are similar to the lower-end described for the subtropical
NE Atlantic (Luo et al., 2012). Although our rates were relatively
low, our results contradict the traditional paradigm about marine
BNF. This view established that BNF is mainly restricted to
the nitrogen-poor, warm (>20◦C) (sub)tropical ocean, as high
nutrient inputs and the relatively low surface temperatures in
temperate coastal systems would not favor N2 fixation (Howarth
et al., 1988; Conley et al., 2009; Stal, 2009). The BNF activity
detected in this study is a further evidence that high nitrate
concentrations (and high N:P ratios) do not inhibit BNF activity,
such as it was also observed in other upwelling regions (e.g.,
Voss et al., 2004; Sohm et al., 2011; Subramaniam et al., 2013;
Benavides et al., 2014). Indeed, recent studies demonstrated that
BNF can occur upon exposure to elevated DIN (nitrate and/or
ammonium), as long as phosphate is available (Knapp, 2012),
and point toward iron as the primary control factor of BNF
(Knapp et al., 2016; Bonnet et al., 2017). Thus, the sensitivity
of marine BNF to high DIN is not clear. Along with the wide
distribution and large diversity of diazotrophs (Zehr et al., 2000;
Moisander et al., 2010), our results indicate that restricting BNF
measurements exclusively to oligotrophic (sub)tropical regions
may result in an underestimation of the global magnitude of this
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flux, contributing to the apparent imbalances observed in the
marine N budget (Brandes and Devol, 2002; Mahaffey et al., 2005;
Codispoti, 2007).

The contribution of BNF to new N supply into the euphotic
zone was negligible (<2%) in this system, as it was between 2 and
5 orders of magnitude lower than diffusive fluxes. These numbers
represent the first estimate of the contribution of both processes
in a coastal upwelling system. Few studies have simultaneously
quantified BNF and nitrate diffusion (Mouriño-Carballido et al.,
2011; Painter et al., 2013; Fernández-Castro et al., 2015), mainly
due to the methodological difficulties to estimate vertical mixing
(Kz) in the field, which has frequently motivated the use of
constant values of Kz (Capone et al., 2005), and empirical
parameterizations (Planas et al., 1999; Fernández-Castro et al.,
2014). Capone et al. (2005) estimated in the tropical North
Atlantic that BNF could equal or even exceed nitrate vertical
diffusion into the euphotic zone. In the subtropical NE Atlantic,
Mouriño-Carballido et al. (2011) reported a contribution of BNF
to new nitrogen input of 2 ± 2%, whereas Painter et al. (2013)
indicated that BNF represented a significant source of new N,
but not as large as the diffusive fluxes. In their study across
the (sub)tropical Atlantic, Pacific and Indian oceans, Fernández-
Castro et al. (2015) pointed out that, on average and compared
to BNF, nitrate diffusion was the main mechanism supplying
new N. The magnitude of averaged nitrate diffusion estimated
in our study (3.9 ± 5.8 mmol m−2 d−1) was slightly higher
than the estimations for the subtropical NE Atlantic byMouriño-
Carballido et al. (2011) (0.8 ± 1.3 mmol m−2 d−1) and Painter
et al. (2013) (0.06 ± 0.02 mmol m−2 d−1), and by Fernández-
Castro et al. (2015) (0.2± 0.2mmolm−2 d−1) in the (sub)tropical
Atlantic, Pacific and Indian oceans. The range of diffusive fluxes
here reported (0.1–16.5 mmol m−2 d−1) was comparable to that
obtained in a nearby coastal system (Ría de Vigo, NW Iberia) by
Cermeño et al. (2016) (0.8–20.1 mmol m−2 d−1) and Villamaña
et al. (2017) (9.4–34.6 mmol m−2 d−1).

We cannot discard that our N2 fixation rates may be
underestimated (Mohr et al., 2010; Großkopf et al., 2012) due to
the use of the 15N2-bubble addition technique (Montoya et al.,
1996) instead of the modified tracer method with 15N2-enriched
seawater (Mohr et al., 2010). However, the biogeochemical
relevance of BNF in this system would be still very low since
other important mechanisms of new N supply, such as advective
vertical and horizontal transport, atmospheric deposition or
internal waves (Oschlies and Garçon, 1998; Duce et al., 2008;
Villamaña et al., 2017), were not taken into account in this study.

In order to get a rough estimation of the fertilization effect
of the upwelling, we compared a simplified estimate of nitrate
supply through vertical advection (see Materials and Methods)
with the input of nitrogen through nitrate vertical diffusion. As
expected, nitrate vertical advection was the main mechanism
of N supply during upwelling (79 ± 119 mmol m−2 d−1) and
during relaxation in September 2015 (77 mmol m−2 d−1), which
was probably influenced by an upwelling pulse happening a
few days before the sampling. This nitrogen supply was more
than 180-fold higher than nitrate diffusion during upwelling,
and up to 6-fold higher in September 2015. Obviously, non-
upwelling situations implied higher contribution to newN supply

by diffusion. In any case, the consideration of this process
would decrease, even more, the contribution of BNF to the
new nitrogen supply in this system. Overall, the proportion
of gross primary production (GPP) that could be sustained
by diazotrophy, calculated by assuming Redfield stoichiometry,
would be irrelevant (<0.1%) when compared to the proportion
of GPP supported by nitrate (41.9± 31.2%) and ammonium (6.8
± 5.0%) uptake rates, measured in the same region in an earlier
study (Bode et al., 2004).

Players
Small diazotrophs (<10 µm), presumably unicellular, were
responsible for all BNF activity detected in this region. This
is consistent with analysis of the nifH clone library, which
revealed that most of sequenced clones belonged to unicellular
cyanobacterial and heterotrophic diazotrophs (Moreira-Coello
et al., in preparation). Most of nifH clones belonged to
Gammaproteobacteria-affiliated phylotypes of the cluster 1G
(29%) and UCYN-A (21%).

The abundance of Gammaproteobacteria γ-24774A11
phylotype (0–2.4 × 104 nifH copies L−1) was significantly
higher than UCYN-A1 and UCYN-A2 during downwelling
and relaxation (Bonferroni comparisons, p < 0.05). These
values were in the medium-high range of global abundances
reviewed by Luo et al. (2012), and by Benavides and Voss (2015)
specifically from studies performed in the North Atlantic. In
fact, heterotrophic diazotrophs abundances higher than 104

nifH copies L−1 have seldom been reported in the marine
environment (e.g., Moisander et al., 2008; Halm et al., 2012).
The abundance of the heterotrophic Gammaproteobacteria was
positively correlated with temperature (Pearson’s r = 0.473,
p < 0.05) and mixed layer depth (Pearson’s r = 0.495, p <

0.05), since slightly higher abundances were measured during
downwelling conditions, when the water column was warmer,
less stratified and probably depleted in bioessential nutrients.
These hydrographic features could cause the dominance of
Gammaproteobacteria as the primary productivity was low and
dominated by small cells, and likely sustained by regenerated
nutrients (mainly nitrogen) through bacterial remineralisation of
organic matter, such as it was observed previously in this region
(Bode et al., 2004, 2011). The production based on bacterial
recycling of nutrients may also have occurred in September
2015, when the abundance of Gammaproteobacteria increased
significantly, probably fueled by the organic matter produced
during the upwelling pulse happening before the sampling (Bode
et al., 1996; Casas et al., 1997).

The symbiosis of UCYN-A with picoeukaryotic
prymnesiophyte cells also thrives in these nitrogen-rich
and relatively cold (<17◦C) waters. Similar findings were also
reported by Agawin et al. (2014) and Benavides et al. (2011) in
the same upwelling region, and by Mulholland et al. (2012) in the
N-rich temperate NE American coast. Furthermore, UCYN-A1
and its small uncultured host were detected in the Galician
Bank, an open ocean environment relatively close to our region
(Cabello et al., 2015). Foster et al. (2009) also found abundant
UCYN-A in the nutrient-rich Equatorial Atlantic upwelling area
in summer 2007.
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The pattern of vertical distribution of picoeukaryotes was
consistent with those of UCYN-A. When the abundances of
UCYN-A peaked, the biomass of the picophytoplankton also
peaked (but not vice versa), except in July 2015, when the
consistency was observed in the profile of abundance (data not
shown). Indeed, qPCR analysis of picoeukaryotic populations
sorted with flow cytometry unequivocally demonstrated that
UCYN-A are associated with picoeukaryotes (Thompson et al.,
2012, 2014). Furthermore, we did not find a link between UCYN-
A abundance and phytoplankton biomass (Chlorophyll a), which
could be expected on the basis of the symbiotic association
of UCYN-A with a photosynthetic prymnesiophyte in regions
where picoplankton dominates phytoplankton biomass, such
as it was previously observed in the oligotrophic (sub)tropical
SW Pacific (Moisander et al., 2010). This decoupling was
probably due to the fact that our study was carried out in an
upwelling system, where usually most biomass corresponds to
large phytoplankton (>10 µm), mainly chain-forming diatoms
(Casas et al., 1997; Varela et al., 2001).

The abundance of UCYN-A2 sublineage (1–1.5 × 103 nifH
copies L−1) was on average 3-fold higher than that of UCYN-
A1 (0–6.7 × 102 nifH copies L−1). The higher UCYN-A2
abundance is consistent with recent findings pointing out this
sublineage, although globally distributed (Cabello et al., 2015;
Martínez-Pérez et al., 2016), mainly inhabit coastal regions,
whereas UCYN-A1 dominates in the oligotrophic open ocean
(Thompson et al., 2014; Messer et al., 2015; Turk-Kubo et al.,
2017). The UCYN-A abundances detected were in the medium-
low range of global abundances reported by Luo et al. (2012),
Martínez-Pérez et al. (2016), and Benavides and Voss (2015)
in the North Atlantic. In the temperate NE American coast,
Mulholland et al. (2012) showed that UCYN-A was the most
abundant diazotroph, reaching 3.5× 107 nifH copies L−1, among
the highest abundances ever observed. Several studies performed
in the North Atlantic reported that, after Trichodesmium,UCYN-
A is the most abundant diazotrophic phylotype (Benavides and
Voss, 2015; Ratten et al., 2015; Benavides et al., 2016). Even
though it extends along a wide latitudinal and longitudinal range,
it dominates mainly the eastern basin, where iron inputs by
Saharan dust are higher (Benavides et al., 2013), which favors its
growth and N2-fixing activity (Krupke et al., 2015).

Higher abundances of UCYN-A1 and UCYN-A2 occurred
at the well-lit surface waters during upwelling and relaxation
conditions, suggesting a possible seasonal variability on the
growth of the UCYN-A–prymnesiophyte symbiosis, such as
it was previously observed in the (sub)tropical SW Pacific
(Moisander et al., 2010; Bonnet et al., 2015). These high values
coincided with the highest BNF rates, and in fact UCYN-A
abundances were positively correlated with BNF rates (Pearson’s
r = 0.534, p < 0.05), consistent with the fact that small
diazotrophs (<10 µm) were responsible for all BNF activity in
this system. This relationship has also been observed in other
regions, as the NE American coast (Mulholland et al., 2012),
or the tropical SW Pacific (Bonnet et al., 2015). Therefore,
UCYN-A–prymnesiophyte associations may be responsible for
most BNF activity, or at least a large fraction, in our region,
since Gammaproteobacteria abundance and BNF rates were not
correlated or consistent. Turk-Kubo et al. (2014) reported that

Gammaproteobacteria phylotypes do not contribute significantly
to marine BNF, based on their analysis of heterotrophic
cell-specific N2 fixation rates required to explain previously
reported BNF rates in different marine environments (e.g., Zehr
et al., 2007; Großkopf et al., 2012; Halm et al., 2012; Farnelid
et al., 2013). In our study, average cell-specific N2 fixation rates
required to account for BNF rates (see Material and Methods)
ranged from 0.8 fmol N cell−1 h−1 (November 2015, 40 m)
to 19.3 fmol N cell−1 h−1 (April 2015, 0 m). Therefore, in
several samples UCYN-A may have been responsible for all
the BNF activity, since cell-specific rates estimated for this
diazotrophic group range from 0.02 to 2.6 fmol N cell−1 h−1

(Goebel et al., 2010). However, in some samples the required
cell-specific rates are too high to be due solely to the UCYN-A
quantified. Thus, BNF rates may result from small contributions
fromGammaproteobacteria phylotypes or other diazotrophs that
we have not quantified by qPCR.

OUTLOOK

Our study provides a novel assessment of the magnitude and
seasonal variability of BNF, its contribution to the budget
of new N inputs into the euphotic zone, and the abundance
of diazotrophs in a NE Atlantic temperate upwelling region,
subjected to contrasting hydrographic regimes. In contrast, most
studies focusing on marine BNF have been conducted in the
western basin, and in the (sub)tropical North Atlantic. BNF
activity and presence of diazotrophs have been demonstrated
in a N-rich temperate region, even though their ecological role
remains unclear. This will require further spatial–temporal
studies in the zone. By calculating the geometric mean of
depth-integrated BNF rates estimated during the NICANOR
cruises and assuming the surface area of a 3◦ × 3◦ grid cell
(following Luo et al., 2012), we estimated an averaged new N
input in the study area of about 0.4 Gg N year−1 from planktonic
BNF. In the region of the Canary Current and NW African
upwelling, Benavides et al. (2011) estimated an input of 0–20 Gg
N year−1, whereas Mulholland et al. (2012) estimated an input
of 0.5–107 × 103 Gg N year−1 in the temperate NE American
coast (Luo et al., 2012; Benavides and Voss, 2015). Therefore, the
current biogeochemical relevance of BNF in our study system
is negligible. However, the weakening of the Iberian coastal
upwelling in the last decades (Pérez et al., 2010; Pardo et al.,
2011), and the enhancement of stratification due to the warming
in ocean surface waters might favor an increase of the relative
importance of the diazotrophy in the future (Boyd and Doney,
2002; Doney, 2006). In any case, the study of the BNF processes
and the responsible organisms in this region shed light on the
ecophysiology of the present diazotrophic community. This first
report of the presence of UCYN-A and Gammaproteobacteria
γ-24774A11 in this region extends the geographic area where
these diazotrophs thrive. Moreover, it provides further evidence
of the co-occurrence of the UCYN-A sublineages, their wide
distribution in the ocean (Farnelid et al., 2016; Martínez-Pérez
et al., 2016), as well as their ability to grow in relatively cold
waters with high DIN concentrations. Considering the large
diversity of marine diazotrophs, and our limited knowledge of
their physiology and ecology, sustained observational efforts
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throughout the ocean will be required to delimit accurately the
magnitude and variability of marine BNF.
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The marine cyanobacterium Trichodesmium sp. accounts for approximately half of
the annual ‘new’ nitrogen introduced to the global ocean but its biogeography and
activity is often limited by the availability of iron (Fe). A major source of Fe to the
open ocean is Aeolian dust deposition in which Fe is largely comprised of particles
with reduced bioavailability over soluble forms of Fe. We report that Trichodesmium
erythraeum IMS101 has improved growth rate and photosynthetic physiology and
down-regulates Fe-stress biomarker genes when cells are grown in the direct vicinity
of, rather than physically separated from, Saharan dust particles as the sole source
of Fe. These findings suggest that availability of non-soluble forms of dust-associated
Fe may depend on cell contact. Transcriptomic analysis further reveals unique profiles
of gene expression in all tested conditions, implying that Trichodesmium has distinct
molecular signatures related to acquisition of Fe from different sources. Trichodesmium
thus appears to be capable of employing specific mechanisms to access Fe from
complex sources in oceanic systems, helping to explain its role as a key microbe in
global biogeochemical cycles.

Keywords: Trichodesmium, iron, dust, nitrogen fixation, cyanobacteria

INTRODUCTION

Cyanobacterial diazotrophs are responsible for most of the fixed-nitrogen entering marine
ecosystems and as such have a major role in regulating oceanic productivity (Mahaffey et al., 2005;
Zehr and Bombar, 2015). The availability of iron (Fe) in marine ecosystems heavily regulates the
biogeography and activity of such cyanobacteria (Mills et al., 2004; Moore et al., 2009; Chappell
et al., 2012; Snow et al., 2015b) due to the absolute requirement of Fe in the catalysts of both
photosynthesis and dinitrogen (N2) fixation (Geider and La Roche, 1994; Sañudo-Wilhelmy
et al., 2001; Shi et al., 2007; Richier et al., 2012). The colonial, non-heterocystous cyanobacteria
Trichodesmium sp. are responsible for almost half of the N2 fixed in marine systems annually
(Capone et al., 1997; Mahaffey et al., 2005). Trichodesmium’s requirement for Fe is thought to
be enhanced relative to single-celled or heterocystous species as it simultaneously requires Fe for
both photosynthesis and N2 fixation (Berman-Frank et al., 2007), processes which are temporally
or spatially separated in most N2 fixing microorganisms (Tuit et al., 2004). Trichodesmium may
therefore need to be particularly adept at acquiring Fe from the environment.

Desert dust is a major source of Fe to the surface ocean (Jickells et al., 2005). Total Fe supply
from dust is dominated by particulate (>0.4 µm) or colloidal (0.02–0.4 µm) rather than readily
soluble (<0.02 µm) forms (Aguilar-Islas et al., 2010; Fitzsimmons et al., 2015), although solubility
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of Fe from dust can vary further as a function of either dry
or wet deposition modes and the time spent interacting with a
variety of processes occurring within the oceanic mixed layer
(Croot et al., 2004; Baker and Croot, 2010; Schlosser et al., 2014).
Comparisons between computations of the total dust inputs and
the Fe inventory of the oceans indicate low overall solubility of Fe
from dust (<12%) (Jickells and Spokes, 2001). Although soluble
Fe is typically considered to be the major source of bioavailable
Fe to phytoplankton (Wells, 1989; Schlosser and Croot, 2008;
Chester, 2009; Fitzsimmons, 2013) particulate/colloidal forms
have been suggested to play a role (Kuma and Matsunaga,
1995) and a growing number of studies have demonstrated that
microbes can access Fe from these sources (Nodwell and Price,
2001; Frew et al., 2006; Sugie et al., 2013; van der Merwe et al.,
2015), with Trichodesmium potentially capable of accessing Fe
from both colloidal (Wang and Dei, 2003) and particulate (Rubin
et al., 2011) forms.

Cyanobacteria display a number of distinct Fe acquisition
pathways including Fe3+ and Fe2+ transporters, the latter often
coupled to biological reduction of Fe3+ to Fe2+, alongside
production of siderophores which are released from the cell, bind
Fe and are subsequently taken up through dedicated transporters
(Neilands, 1995; Hopkinson and Barbeau, 2012; Boiteau and
Repeta, 2015). Homologs to Fe2+ (FeoAB), Fe3+ (FutABC) and
siderophore (FhuD) transporter components are encoded in the
Trichodesmium genome; however, the proteins involved in Fe
reduction are not well characterized (Chappell and Webb, 2010).
Inorganic Fe reduction and uptake is possibly facilitated by
reactive oxygen species (ROS) produced intracellularly (Roe and
Barbeau, 2014; Hansel et al., 2016) while cell surface processes
appear to be involved in observed facilitated dissolution of Fe
from dust by Trichodesmium (Rubin et al., 2011). These include
active trapping and directed transport of particulate Fe into the
core of Trichodesmium colonies (Rubin et al., 2011). However,
the mechanisms and physiological impacts of cell-to-substrate
contact for acquisition of Fe from dust are yet to be fully
determined.

Using non-axenic Trichodesmium erythraeum IMS101
(Trichodesmium) cultures, we investigate the Fe uptake strategies
involved in accessing Fe from Saharan desert dust within
an experimental situation. We evaluate the significance of
permitting cell contact for acquiring Fe from dust by physically
separating dust from cells using porous membranes. We report
both on the physiological and transcriptomic responses of
Trichodesmium to bound (particulate and colloidal) and free
dissolved Fe to understand the factors that enable this key
microbe to apparently dominate N2 fixation within regions of
high dust input.

MATERIALS AND METHODS

Culture Conditions and Growth
Trichodesmium erythraeum IMS101 (Trichodesmium) was grown
on an orbital shaker (150 rpm) under a 12h dark: 12h light
cycle (ca. 130 µmol photons m−2 s−1) in modified YBC-II
medium (Polyviou et al., 2015; Snow et al., 2015a) having a final

EDTA concentration of 20 µM (Hong et al., 2017). Experimental
cultures at a total volume of 40 ml were initiated from an
Fe replete stock culture rinsed with no-added Fe media before
inoculation and incubation in triplicate under 4 conditions:
(Fe−) with no added Fe, (Fe+) with 400 nM added FeCl3-EDTA
as a source of dissolved soluble Fe (sFe), equivalent to a calculated
bioavailable inorganic Fe concentration of 1100 pM Fe’ (Snow
et al., 2015a) and two treatments with 0.25 mg ml−1 of Saharan
dust, collected between 04◦43’N, 28◦55’W and 06◦56’N, 28◦07’W
using a mesh system aboard the RSS Shackleton (Murphy, 1985).
Dust was added either directly (Dust+) or inside a barrier to
the culture created using 8 kDa MWCO dialysis tubing (DT)
(BioDesign, Carmel, NY, United States) ([Dust]). For consistency
and to confirm that diffusion of sFe through the membrane
was possible the FeCl3-EDTA was also released into the Fe+
media through the DT. DT was washed by boiling in 120 mM
Na2HCO3 and subsequently in 10 mM Na2EDTA and 10 mM
NaOH twice before rinsing three times in milli-Q H2O. Clean
DT, handled with 10% HCl washed plastic tweezers, was included
in all experimental treatments except for a no-DT control. The
no-DT control was grown under no added Fe conditions (i.e., as
per the Fe− treatments) with the physiology of Trichodesmium
showing no significant differences when compared to the Fe−
treatment, suggesting that inclusion of DT did not result in any
significant Fe contamination (Supplementary Figure S1). Within
a separate control experiment the physiological responses of
Trichodesmium were monitored to test whether nutrients from
dust dissolved preferentially when dust was free in the culture
vessels compared to when it was enclosed in DT (Supplementary
Figure S2). Within this control experiment, the same series of
treatments (i.e., +Fe, −Fe, Dust+ and [Dust]) were incubated
abiotically, i.e., without the addition of Trichodesmium for a
period of 14 days before filtration through a 0.2 µm filter into
clean culture flasks and subsequent inoculation of the filtrate (i.e.,
with the dust particles removed) with equal concentrations of
cells.

Trichodesmium growth was monitored by cell counts
performed using a Sedgewick Rafter counting chamber and
a GX CAM-1.3 camera on an L1000A biological microscope
(GT Vision Ltd., Suffolk, United Kingdom). Cell and filament
lengths were identified using GX capture (GX 14 Optical,
Suffolk, United Kingdom) and ImageJ (Schneider et al., 2012).
The concentration of cells was calculated for the duration
of the experiment (Supplementary Figure S3) by dividing the
total filament length by the average cell length and growth
rates calculated using the gradient of the natural logarithm of
measurements during exponential growth.

Photosynthetic Physiology
Photosynthetic physiology was monitored using a FASTtrackaTM

MkII Fast Repetition Rate fluorometer (FRRf) integrated with a
FastActTM Laboratory system (Chelsea Technologies Group Ltd.,
Surrey, United Kingdom). Measurements were made 2.5 h after
the beginning of the photoperiod following dark adaptation of
samples for 20 min and consequent exposure to a background
irradiance of 29 µmol photons m−2 s−1 for 2–5 min (Richier
et al., 2012). Fv/Fm was used as an estimate of the apparent
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PSII photochemical quantum efficiency (Kolber et al., 1998).
Data presented is the average of three technical replicate
measurements for each of the three biological replicates.

RNA Sequencing
Trichodesmium cultures were filtered onto GF/F filters on day 17
of the experiment and snap frozen in liquid nitrogen. RNA was
subsequently extracted using the RNeasy Plant Mini Kit (Qiagen,
Manchester, United Kingdom), treated with TURBO DNA-
freeTM DNase (Life Technologies Ltd., Paisley, United Kingdom)
and stored at −80◦C. Absence of genomic DNA contamination
was confirmed by PCR.

Paired end libraries for Illumina sequencing were prepared
using the TruSeq Stranded mRNA Library Prep Kit (Illumina),
following the manufacturer’s low-throughput protocol. This was
modified for use with bacterial RNA samples by replacing the
initial poly-A-based mRNA isolation step with ribosomal RNA
(rRNA) depletion using a bacterial Ribo-Zero rRNA Removal
Kit (Illumina Inc., San Diego, CA, United States). Libraries were
pooled and sequenced on an Illumina MiSeq instrument using
paired-end sequencing, with a read length of 151 bp.

The raw sequence reads were pre-processed with CutAdapt
(v1.8.1, Martin, 2011) to remove TruSeq adapter sequences and
low quality bases from the 3′ end of reads, using a quality
threshold of 15 and minimum read length of 36 bp. Trimmed
reads were mapped against the Trichodesmium erythraeum
IMS101 reference genome assembly (Ensembl Bacteria database,
accession GCA_000014265.1) using TopHat v2.0.14 (Kim et al.,
2013), and reads mapping to annotated genes in IMS101 were
counted using HTSeq, version 0.6.0, (Anders et al., 2015). The –
library-type fr-firststrand and -stranded = reverse options were
used in TopHat and HTSeq, respectively, to correctly account for
strand-specific read mapping. Libraries were normalized based
on the total library size using the median-of-ratios method that
is implemented in DESeq2 (Love et al., 2014).

Differential Gene Expression Analysis
Differential gene expression analysis was carried out using the
Bioconductor package DESeq2 version 1.8.2 (Love et al., 2014),
running on R version 3.2.0. A set of genes with expression
significantly affected by growth condition was identified using
an ANODEV approach implemented in the DESeq2 package.
The fit of read count data against a one-factor negative binomial
general linear model, where replicates were grouped by growth
condition, was compared (using likelihood ratio testing) to
a reduced model where condition information was removed.
Pairwise contrasts between conditions were calculated using a
Wald test. In both cases, genes with an adjusted P-value of < 0.05
following Benjamini–Hochberg correction for multiple testing
were classed as significantly differentially expressed.

The results of the RNA sequencing (RNAseq) analysis were
validated via quantitative reverse transcription (RT) Polymerase
Chain Reaction (qPCR) using the cytochrome c553 gene (cyt
c553, Tery_2561) the iron-stressed-induced protein-A gene (isiA,
Tery_1667) and the Mo-dependent nitrogenase-like-protein gene
(nif-like, Tery_4114). Patterns of expression from the two
methods closely resembled each other and regression analysis

indicated a good correlation (R2 = 99%) (Supplementary
Figure S4).

Hierarchical Clustering
To group differentially transcribed genes by transcription profile
across treatments, the Pearson product moment correlation
coefficient (PPMCC) was calculated for each pair of genes from
regularized log (rlog) transformed read count data. Hierarchical
clustering was then carried out using the WPGMA method, with
1-PPMCC as the distance metric. Similarly, to cluster samples
based on overall transcription profile, pairwise sample distances
were calculated using correlation coefficients and hierarchical
clustering was carried out using the average linkage method
(Minitab 17.3.1, Minitab Inc., Coventry, United Kingdom).

RESULTS

Effects of Desert Dust and Fe’ on
Trichodesmium Physiology
The effect of Saharan desert dust addition on the physiology
of non-axenic Trichodesmium erythraeum IMS101 (hereafter
Trichodesmium) when in the direct vicinity (Dust+) or separated
([Dust]) from the cells within otherwise low Fe medium
was compared to iron deplete (Fe−) and iron replete (Fe+)
treatments (as described in Materials and Methods). Growth of
Trichodesmium was significantly faster under Fe+ (0.31 day−1)
and Dust+ (0.28 day−1) compared to Fe− (0.16 day−1) and
[Dust] (0.17 day−1) conditions (Figure 1A and Supplementary
Figure S3) (GLM and Tukey test; P < 0.05). Additionally, while
photosynthetic efficiency (Fv/Fm) declined rapidly in Fe− and
[Dust] treatments from day 6 until the end of the experiment,
it was maintained at significantly higher levels in Fe+ and
Dust+ treatments (Figure 1B). In contrast, although the Fe+
media similarly supported a higher growth rate within the abiotic
control experiment, growth rates within media preincubated
with dust either inside or outside the DT were statistically
indistinguishable from both each other and the −Fe treatment
(Supplementary Figure S2).

Transcriptomic Response of
Trichodesmium to Desert Dust and Fe’
Samples collected on the last day of the main experiment
(day 17) were analyzed using RNAseq to ascertain the gene
transcription profiles relating to each experimental condition.
The Trichodesmium erythraeum IMS101 genome is composed of
4451 annotated genes,∼54% of which are annotated with a Gene
Ontology (GO) classification number (GO annotated) (Figure 2).
The majority of Trichodesmium genes (∼98%) were identified
(read counts/million > 0) to be transcribed in at least one
treatment and 4076 (∼92%) were identified in all four treatments.
Of these, 3257 genes had read counts above the statistical
threshold required for inclusion in differential gene transcription
analysis, as determined by the DESeq2 Bioconductor package
(Love et al., 2014). Approximately one third of those genes
(1050) were significantly affected by growth condition (adjusted
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FIGURE 1 | Effects of desert dust and Fe’ on Trichodesmium physiology. Dust
added (Dust+, dark brown), dust separated ([Dust], light brown), Fe’ replete
(Fe+, yellow) and Fe’ deficient (Fe–, green) Trichodesmium cultures were
monitored over 17 days during which (A) growth rates (day−1) and (B)
photosynthetic efficiency (Fv/Fm) were recorded. Statistically significant
differences (GLM and Tukey test; P < 0.05) between treatments are indicated
with dissimilar letter groups (A) or dashed boxes (B). Error bars represent
standard deviations of three biological replicates. (GLM and Tukey test,
P < 0.05).

P-value < 0.05 following Benjamini–Hochberg correction for
multiple testing, DESeq ANODEV) (Figure 2).

The validity of experimental biological replicates was
confirmed through hierarchical clustering of gene transcription
profiles which revealed closer intra-treatment compared to
inter-treatment similarities (Figure 3). In addition, two distinct
groups of treatments were resolved, highlighting similarities
in gene regulation between [Dust] and Fe− treatments
(group 1) and between Fe+ and Dust+ treatments (group 2)
(Figure 3A).

A heat map illustrating all 1050 differentially regulated
genes identified in the transcriptomic analysis revealed 10
distinct patterns of gene transcription from the clustering
analysis (Figure 3B and Supplementary Figure S5) demonstrating
significant changes in gene expression across all treatments.
The majority of genes (42%) fall in clusters regulated similarly

FIGURE 2 | Gene numbers and GO annotation coverage. The majority of
Trichodesmium genes are identified in at least one condition of the
experiment. Genes for which expression is recorded in all treatments above
threshold quantities are analyzed to identify differential transcription. A large
proportion of the Trichodesmium genome is not GO annotated (NA, light gray).

between Fe+ and Dust+ treatments with either increased
(Cluster 2, n = 185) or reduced (Cluster 10, n = 259)
transcription relative to Fe− and [Dust] (Supplementary Figure
S5). Differential gene regulation in Fe+ compared to Fe−,
Dust+ and [Dust] treatments (Supplementary Figure S5) is also
observed for a large number of genes (Cluster 4, n = 109 and
Cluster 6, n = 135).

Known Markers of Iron Limitation
The expression of a set of 12 genes (Supplementary Table S1) of
known importance during Fe stress conditions and/or previously
identified to be differentially expressed (at the transcript or
protein level) under variable Fe concentrations was examined
in order to access the molecular response to Fe specifically.
The genes include the chlorophyll-binding antenna (isiA, iron
stress induced protein A gene, Tery_1667) (Bibby et al., 2001;
Shi et al., 2007; Richier et al., 2012; Snow et al., 2015a), the
flavodoxin genes (fld1, Tery_1666; fld2, Tery_2559) which are
an Fe free alternative to ferredoxin (LaRoche et al., 1996;
Chappell and Webb, 2010), the interchangeable plastocyanin
(copper binding) and cytochrome c553 (Fe binding) genes (petE,
Tery_2563 and petJ,Tery_2561, respectively) (Wood, 1978; Peers
and Price, 2006; De la Cerda et al., 2007), genes for the Fe
storage proteins bacterioferritin (bfr, Tery_2787) and ferritin
(ftn, Tery_4282) (Keren et al., 2004; Marchetti et al., 2009),
the ferric uptake regulators (fur1, Tery_1958; fur2- Tery_3404
and fur3, Tery_1953) (González et al., 2012, 2016), the Fe
binding nitrogenase NifH subunit (nifH, Tery_4136) (Shi et al.,
2007; Richier et al., 2012; Snow et al., 2015a) and fructose
bisphosphate aldolase class II (fbaA, Tery_1687) (Snow et al.,
2015a).

Four of these twelve genes, petJ, petE, fur1 and fld2, show
significant regulation both in response to direct dust addition
(Dust+ compared to [Dust]) and increased availability of
dissolved Fe (Fe’) (Fe+ compared to Fe−) while a further four
genes, fbaA, isiA, fur2 and fld1, were only significantly regulated
through variable Fe’ (Figure 4A). Genes bfr, ftn, fur3 and nifH
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FIGURE 3 | (A) Clustering of gene transcription across treatments and
replicates. Replicates of each treatment ([Dust], Fe–, Dust+, Fe+) cluster close
together while transcription in (1) [Dust] (light brown) and Fe– (green) cultures
groups closer together compared to (2) Dust+ (dark brown) and Fe+ (yellow)
cultures. To calculate distances the average linkage method was used.
(B) Clustering of transcription across all differentially regulated genes. Ten
clusters of different transcription profiles across the [Dust], Dust+, Fe–, and
Fe+ treatments (computed using the Pearson product moment correlation
coefficient between each pair of differentially expressed genes and WPGMA)
are detailed in a heat map of transcript level in a dendrogram.

were not found to be differentially regulated by any experimental
condition.

Molecular Signatures of Fe Utilization
Analysis of a further set of genes (Supplementary Table S2)
was targeted to better understand mechanisms of Fe acquisition
under the differing growth conditions. Suggested mechanisms for
Fe reduction by cyanobacteria include the transfer of electrons
to extracellular Fe3+ through the plasma-membrane-located
alternative respiratory terminal oxidase (ARTO) (Kranzler et al.,
2014) and potentially electrically conductive pili (Lamb et al.,
2014). Genes ctaC (Tery_0278), ctaD (Tery_0277), and ctaE
(Tery_0276) encoding subunits of ARTO displayed elevated
transcription in Fe− compared to Fe+ and [Dust] compared to
Dust+ (Figure 4B) revealing regulation by Fe’ and dust additions
within the vicinity of the cells. Interestingly, transcripts of these
genes were significantly downregulated in Dust+ compared to all
other treatments. The pilA (Tery_2388) gene encoding the pili
protein A was not differentially transcribed as a function of Fe’

(Fe+ compared to Fe−) and although transcription was reduced
by dust (compared to Fe−), this was only significant when dust
was separated from the cells (Figure 4B).

Well-characterized cyanobacterial Fe uptake pathways include
the FutABC and FeoABC systems for transport of ferric
(Fe3+) and ferrous (Fe2+) iron, respectively, across the inner
membrane (Kammler et al., 1993; Katoh et al., 2001a,b). The futA
(Tery_3377) gene, annotated as idiA (iron-deficiency induced)
and encoding the Fe-binding subunit of the Fut Fe3+ transporter
(Polyviou et al., unpublished), was downregulated in response
to increased Fe’ (Figure 4B). Similarly, the transcript abundance
of feoB (Tery_2878) was reduced in Fe+ cultures compared to
the other treatments although the difference was not statistically
significant.

Translocation of organically complexed Fe to the periplasm
in cyanobacteria happens through TonB dependent transporters
(TBDTs) at the outer membrane which seem to require energy
transduction by TonB and ExbBD (Larsen et al., 1999; Brinkman
and Larsen, 2008; Ollis et al., 2009; Ollis and Postle, 2012; Ollis
et al., 2012), although ExbB and ExbD have also been previously
linked to inorganic Fe uptake in Synechocystis sp. PCC 6803
(Jiang et al., 2015). Transport of organically complexed Fe across
the inner membrane employs Fec/FhuD systems (Krewulak
and Vogel, 2008; Stevanovic, 2015). The only Trichodesmium
homolog to fhu/fec genes, fhuD (Tery_3943) (encoding for
a periplasmic binding protein homolog), was downregulated
by increased Fe’ and dust when added to the immediate
cellular environment (Figure 4B). Homologs of tonB (Tery_1560,
Tery_2593) and exbBD (exbB: Tery_1868, Tery_4448; exbD:
Tery_4449) were not identified to be significantly differentially
regulated, although transcription appeared higher in the Fe+
and Fe− treatments compared to the [Dust] and Dust+
treatments (with the exception of Tery_1868 for which read
counts were below the threshold for inclusion in the analysis)
(Figure 4B).

Members of a previously identified putative siderophore
production and uptake pathway, proteins Tery_3824–3826 (Snow
et al., 2015a) were observed to be significantly downregulated
under increased Fe’ (significant difference for Tery_3825 and
Tery_3826) (Figure 4B). Finally, transcription of the heme
oxygenase homolog (hmox, Tery_0335), involved in extraction of
heme-bound Fe was stimulated by the dust treatments compared
to Fe+ and Fe− irrespective of the separation from the cells using
the DT (Figure 4B). Some indication of increased transcript
abundance due to increased Fe’ was also observed although this
was not statistically significant.

Strongly Differentially Regulated
Uncharacterized Genes
One third of the differentially regulated genes in the analysis
were not GO annotated. Amongst them was a series of genes
encoding for proteins with Haemolysin-Type Calcium Binding
(HTCaB)-like domains (Supplementary Table S3) members of
which were identified amongst the most differentially regulated
genes in this study. Of 10 genes annotated as having a HTCaB-
like domain and identified as regulated by some experimental
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FIGURE 4 | Transcription changes in genes of interest across the experimental treatments. Gene regulation (log fold change) in Fe+ (yellow), Dust+ (dark brown) and
[Dust] (light brown) treatments all compared to Fe–, is presented for (A) genes expected to be regulated by Fe and (B) genes predicted to be involved in Fe
utilization. Significantly differentially transcribed genes (Wald test, P < 0.05) due to both direct dust additions (Dust+ vs. [Dust]) and Fe’ availability (Fe+ vs. Fe–)
(shaded box) or replete Fe’ only (white box) are plotted in order of highest to lowest fold change. Differences to Fe– are depicted with single (∗) or double (∗∗) stars for
P < 0.05 and P < 0.01, respectively. Similarities between treatments Fe+, Dust+ and [Dust] are indicated as identical letter groups (a–c).

condition in our analysis, Tery_0419, Tery_0424, Tery_2055 and
Tery_1355, are regulated by Fe’ and when contact with dust is
permitted and Tery_3467 and Tery_2710 by Fe’ only (Figure 5A).
Bioinformatic analysis indicates that HTCaB genes include
multiple CHRD domains (identified in chordin) expected to
have an immunoglobulin-like β-barrel structure based on some
similarity to superoxide dismutases (Hyvönen, 2003). Among
these genes, Tery_3467 which was regulated by Fe’ has been
previously identified as the zinc binding alkaline phosphatase
(APase) gene phoA (Orchard et al., 2003).

Also among the uncharacterized genes is a cluster which
spans eight genes (Tery_0843–Tery_0850) all of which were
strongly differentially regulated in response to Fe’ availability
and dust addition to the direct cellular vicinity (Figure 5B)
with five (Tery_0850, Tery_0845, Tery_0846, Tery_0849,
Tery_0847) amongst the top twenty most differentially
transcribed genes in the RNAseq analysis. Tery_0848 and
Tery_0849 are annotated as cell surface proteins while Tery_0843

is recognized by the UniProtKB Automatic Annotation
pipeline as a membrane protein (Supplementary Table S3).
In addition, Tery_0844 is predicted to contain an iron-sulfur
binding site and Tery_0845 belongs to the heme oxygenase
superfamily. The fifth gene in this cluster (Tery_0847) encodes
for MetE (5-methyltetrahydropteroyltriglutamate-homocysteine
S-methyltransferase) which catalyzes the transfer of a methyl
group to and from methionine (Supplementary Table S3).

Regulatory DNA
Trichodesmium has a large genome, with abundant non-
protein coding regions, and has recently been shown to exploit
sophisticated gene regulation (Pfreundt et al., 2014; Pfreundt
and Hess, 2015; Walworth et al., 2015), as well as being
polyploid (Sargent et al., 2016). The Trichodesmium genome
harbors 17 group-II introns interrupting a total of 11 genes, 7 of
which (Tery_0428, Tery_4732, Tery_4799, Tery_3633, Tery_2080,
Tery_1635, and Tery_0008) are differentially regulated in one
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FIGURE 5 | Transcription changes in uncharacterized genes across the experimental treatments. Regulation of (A) Haemolysin-Type Calcium Binding (HTCaB)-like
genes and (B) genes of the Tery_0843–0850 cluster are shown as log fold change for Fe+ (yellow), Dust+ (dark brown) and [Dust] (light brown) treatments all
compared to Fe–. Significantly differentially transcribed genes (Wald test, P < 0.05) due to both direct dust additions (Dust+ vs. [Dust]) and Fe’ availability (Fe+ vs.
Fe–) (shaded box) or replete Fe’ only (white box) are plotted in order of highest to lowest fold change (A) or order in the genome (B). Differences to the Fe– are
depicted with single (∗) or double (∗∗) stars for P < 0.05 and P < 0.01, respectively, while similarities between treatments Fe+, Dust+ and [Dust] are indicated as
identical letter groups (a–c).

or more of the experimental treatments (Figure 6). Genes
Tery_0428, Tery_4732, and Tery_4799 are regulated only when
dust is added directly to the cell environment, while Tery_2080
is expressed more highly in both Dust+ and [Dust] compared
to the Fe− and Fe+ treatments. Significant Fe’ regulation is only
observed for Tery_3633.

DISCUSSION

Using cultures of filamentous Trichodesmium erythraeum
IMS101 we show that these organisms can utilize Saharan desert
dust as its sole source of Fe. However, this appeared to only be the
case under conditions where direct physical contact was possible,
as when dust was separated from the cells using dialysis tubing,
both growth rate and photosynthetic efficiency were significantly

reduced (Figure 1). Moreover, growth rates within media
pre-incubated abiotically with dust, irrespective of whether
it was constrained within or external to dialysis tubing, were
indistinguishable to low Fe cultures and lower than Fe amended
cultures (Supplementary Figure S2). In contrast, dust added
directly to the growth media with the cells present supported
similar growth rates and photosynthetic physiology to cells
grown through the addition of dissolved Fe to EDTA buffered
media (i.e., increased Fe’), all suggesting that direct contact
between cells and dust particles or colloids might be necessary to
facilitate Fe-acquisition from dust. Microscopic determination
of such contact was not attempted here and therefore whether
such contact is transient or if robust, long-term adhesion of
particles to filaments occurs cannot be specified. Disentangling
the nature of cell-to-particle contact can be challenging but
it is perhaps interesting to consider future studies directed
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FIGURE 6 | Changes in transcription of genes associated with non-protein
coding DNA in Trichodesmium. Gene regulation (log fold change) in Fe+
(yellow), Dust+ (dark brown) and [Dust] (light brown) treatments all compared
to Fe–. Group II intron host genes (as identified in Pfreundt et al., 2014) are
significantly differentially transcribed (Wald test, P < 0.05) in response to dust
in their immediate environment (Dust+ vs. [Dust]) (shaded box), or Fe’
availability (Fe+ vs. Fe–) (white box). Differences to the Fe- treatment are
depicted with single (∗) or double (∗∗) stars for P < 0.05 and P < 0.01,
respectively, while similarities between treatments Fe+, Dust+ and [Dust] are
indicated as identical letter groups (a–c).

towards the identification of cell features which facilitate this
interaction.

Cell surface processes occurring in environmentally collected
Trichodesmium of the puff colony morphology have previously
been suggested to enhance dissolution of Fe from dust (Rubin
et al., 2011). The efficiency of colonies specifically, as opposed
to filaments, for Fe acquisition was suggested to be attributed
to specific features of the Trichodesmium colonies and the
associated microbial consortia (Rubin et al., 2011). Our
observations suggest that, in addition, processes which can
be undertaken by filamentous Trichodesmium, potentially
including any associated bacterial consortia, may also be
relevant. Although not investigated in this study, microbial
communities with some similarity to those found in the
natural environment are associated with Trichodesmium
cultures and can potentially influence the physiological
response of Trichodesmium to the various conditions relating
to the acquisition of Fe and ROS detoxification (Lee et al.,
2017).

Potential molecular processes underlining the observed
physiological differences between treatments were identified
through RNA sequencing analysis on samples acquired at the
end of the growth experiment. Such an analysis only provides
a snapshot of the molecular response to the experimental
conditions which is also likely to change temporally over the
course of the experiment. However, clustering of transcription
patterns in our experiment indicated that dust added cultures
had a similar transcriptomic profile to cells grown replete with
Fe’, only when contact of the cells with dust was permitted
(Figure 3). In contrast, when dust was separated from cells,
transcription patterns were more similar to that of Fe-deficient
cultures. These observations further suggest that filaments can
access Fe from dust by employing processes acting at the cell
surface, although it should be noted that the pore size of
the dialysis tubing, 8 kDa MWCO, will also prevent colloids

from passing. Some of the differences between the two dust
treatments could thus have resulted from a proportion of
any bioavailable Fe released from the dust passing through a
colloidal phase before being taken up by Trichodesmium and
thus we cannot fully differentiate between likely cell surface
interaction direct with the particulate dust or smaller colloids
which may be derived from it. However, results from the
abiotic control experiment (Supplementary Figure S2), argue that
‘dissolution’ of either soluble or colloidal Fe would appear to
be insufficient to augment growth rates within our experimental
conditions.

Pertinently, transcriptional patterns caused by Fe’ and
dust were also distinct between all conditions (Figure 3B),
suggesting complex transcriptional regulation, likely associated
with some combination of the different nature of Fe in the
treatments, the overall amounts of available Fe provided in
each case, and/or the supply of additional nutrients from
dust. Indeed, the differential transcription profiles between
the dialysis isolated dust treatment and both the +Fe and
−Fe treatments demonstrate that the presence of the former
also had an observable biological effect, suggestive of the
passage of some soluble constituents other than Fe across the
membrane.

An analysis of 12 genes with known Fe regulation patterns
was performed to assess the relative Fe status of the cultures
(Figure 4A). The majority showed the predicted pattern of
regulation by differential Fe’ availability and 4 were similarly
regulated when dust was directly accessible to the cells. Since
this was not the case after physical separation of dust from
the cells, we suggest that specific cell surface processes are
likely to be involved in acquiring Fe from dust. In this
case, the improved physiology when dust was within the cell
environment can be explained through additional Fe acquisition
in this treatment. Some Fe biomarker genes did not show the
expected pattern of regulation in dust amended cultures. While
this could be due to the cells experiencing different severities
of Fe stress when grown with replete Fe’ or dust, it may
also reflect a specific response to Fe depending on its source
and this may impact the interpretation of the transcription
of certain Fe stress biomarker genes (Chappell and Webb,
2010; Richier et al., 2012; Snow et al., 2015a; Spungin et al.,
2016).

The mechanisms by which Trichodesmium transports Fe
across the cell membrane can potentially be inferred through
homology to other know Fe transporters and omics responses
to Fe replete versus deplete conditions (Shi et al., 2007;
Chappell et al., 2012; Snow et al., 2015a). Genes such as
futA and feoB encoding members of these transport systems
showed the expected downregulation in response to replete Fe’,
but not due to dust (Figure 4B) likely reflecting differences
in the response of this organism depending on the source
of Fe. The mechanisms by which Trichodesmium accesses
particulate, or colloidal, Fe and transports Fe across the outer
membrane are unknown. The only characterized system in
cyanobacteria involves TBDTs powered by the TonB and
ExbBD proteins. Homologs to these genes were not regulated
by Fe in our study (Figure 4B) suggesting they might be
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regulated by other factors, or were possibly not required for
accessing the types of Fe used in this study (Schauer et al.,
2008).

A molecular level understanding of Fe reduction prior to
its uptake in cyanobacteria is also lacking. The cell membrane
localized ARTO of Synechocystis sp. PCC 6803, was recently
indicated to use Fe3+ as an electron acceptor, reducing it to
Fe2+ in the periplasmic space prior to its uptake by FeoAB
(Kranzler et al., 2014). Downregulation by replete Fe’ and direct
dust addition to the cells as observed here (Figure 4B) for
Trichodesmium supports possible involvement of the complex,
not only in reduction and subsequent acquisition of Fe’, but
also of Fe provided by dust particles. It is of interest that
the largest reduction in expression of subunits of ARTO was
observed when cells were in the direct vicinity of dust particles.
While this may reflect summative influences of increased Fe
availability and the presence of dust, it suggests that filaments
may have a dramatically reduced requirement for any ARTO
mediated Fe uptake when exposed to dust. As the depleted,
oxidized nature of Fe in the marine environment could
render ARTO-mediated Fe reduction a limiting step to Fe
uptake and consequently to Trichodesmium growth, further
analysis is required to fully elucidate the importance of this
pathway. Finally, a possible siderophore production/utilization
pathway (Tery_3823–3826) (Snow et al., 2015a) was also
regulated by Fe’ availability (Figure 4B) but further evidence
is required to characterize its involvement in Fe utilization by
Trichodesmium.

With a large fraction of Trichodesmium genes either mis-
annotated or annotated as encoding hypothetical proteins of
unknown function, it is likely that a wealth of information
regarding its physiological adaptations to Fe depletion are
yet to be determined. However, based on strong differential
transcription, we identify a protein class not previously
recognized to be Fe regulated, and a gene cluster encoding
proteins with putative extracellular or outer membrane functions.
The former includes HTCaB region domain proteins (Figure 5A)
which, as far as we can ascertain, have not been studied
previously in Trichodesmium. HTCaB domains occur in tandem
repeats in proteins that can form a parallel β roll structure
(Baumann et al., 1993; Lilie et al., 2000) and are exported
from the cell to function as haemolysins, cyclolysins, leukotoxins
and metallopeptidases (Boehm et al., 1990; Duong et al., 1992;
Rose et al., 1995). Further they may have adhesive properties
(Sánchez-Magraner et al., 2007) and roles in motility (Brahamsha
and Haselkorn, 1996; Hoiczyk and Baumeister, 1997; Pitta
et al., 1997). These characteristics, alongside the differential
regulation observed here (Figure 5A) suggest an important
function of the proteins in Fe metabolism and a putative role
in attachment to particles or mobilization of Fe from the dust.
Our data also indicates a cluster of eight consecutive genes
(Tery_0843–Tery_0850, Supplementary Table S3), which are
strongly responsive to direct dust additions and also regulated
by Fe’ availability. The encoded uncharacterised proteins have
features associating them with the cell membranes/surface and
possibly the degradation of Fe-containing compounds like heme
(Figure 5B).

Lastly, transcriptional patterns suggest a significant
involvement of non-protein coding DNA in the Fe’ and
dust response of Trichodesmium. The Trichodesmium genome
has a large non-coding content (40% against the cyanobacterial
average of 15%) with the most non-coding DNA transcription
start sites (TSS) of currently analyzed bacterial species
(Pfreundt et al., 2014; Pfreundt and Hess, 2015). That the
non-protein coding fraction of the genome is maintained
in the environment (Walworth et al., 2015), leads to the
conclusion that regulatory RNA is linked to the organisms’
lifestyle, possibly its cohabitation with other microorganisms
and the nutrient fluctuations it encounters. In support of this,
we observe that group II intron host genes were differentially
regulated in response to Fe’ and/or dust (Figure 6). Based on
these results we suggest that Trichodesmium’s non-coding DNA
could be involved in facilitating the regulatory complexity
required in a fluctuating environment with ephemeral Fe
supplies.

CONCLUSION

We present evidence that cell-to-particle interaction may be a key
component of Fe acquisition and the broader ecophysiological
functioning of Trichodesmium. Cells grown in the direct
vicinity of dust displayed unique physiological and molecular
characteristics that contrasted with those only having access
to soluble species released from the same substrate and from
those grown under Fe stress and Fe replete conditions through
manipulation of Fe’ availability. In addition to providing further
evidence that substrate specific responses might influence the
bioavailability of Fe to Trichodesmium in situ, these results
further suggest that variability in substrate might need to be
directly considered when using Fe uptake transporters as in situ
markers of Fe limitation. Indeed, the generated transcriptomic
profiles could potentially be used for the identification of
specific traits linked to the responses of Trichodesmium to
differing modes of Fe supply, a stepping stone in better
understanding the apparent niche success of this organism
within Fe enriched areas of the more generally anemic open
oceans.
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Filtration via Conventional Glass
Fiber Filters in 15N2 Tracer Assays
Fails to Capture All Nitrogen-Fixing
Prokaryotes

Deniz Bombar*, Ryan W. Paerl †, Ruth Anderson and Lasse Riemann

Marine Biological Section, Department of Biology, University of Copenhagen, Copenhagen, Denmark

Biological dinitrogen fixation (BNF) represents a major input of reduced nitrogen (N)

to the oceans. Accurate direct measurements of BNF rates are crucial for reliably

determining the biogeochemical significance of diazotrophy at local and global scales.

Traditionally, borosilicate glass fiber filters (GF/F, Whatman) with a nominal pore size of

0.7µm are used to collect suspended particles by filtration after incubations with added
15N2 tracer. We carried out BNF experiments in the Baltic Sea, Danish coastal waters,

and the Pacific Ocean comparing the retentive characteristics of precombusted GF/F

filters with newer Advantec glass fiber filters which have a smaller nominal pore size

of 0.3µm. Where BNF was detected, rates were nearly always higher, and sometimes

even exclusively detectable, when using Advantec filters. In the majority of samples

across tested habitats, significantly more cells were lost to GF/F filtrate (average =

51%, range = 10–70% of cells) than to Advantec filtrate (average = 40%, range = 10–

54%). Using Illumina sequencing of nitrogenase (nifH) gene amplicons, we show that

diazotroph communities can markedly differ between bulk water and filtrates from GF/F

and Advantec filtrations, suggesting that different diazotrophs can pass through the filter

types. In order to reduce the potential underestimations of BNF due to filtration loss

of diazotrophs, we recommend using Advantec filters or alternatively silver membranes

with 0.2µm pore size, especially in waters expected to be inhabited by relatively small,

unicellular diazotrophs.

Keywords: oceanic nitrogen fixation, diazotrophs, cyanobacteria, glass fiber filter, bias, filtration

INTRODUCTION

Biological nitrogen (N2) fixation (BNF) in the pelagic ocean amounts to up to 200 × 1012 g
of nitrogen (N) globally per year, and thereby greatly influences oceanic primary production
and CO2 sequestration (Capone et al., 2005; Gruber and Galloway, 2008; Canfield et al., 2010).
Cyanobacteria in the upper water column of the tropical and subtropical ocean have traditionally
been considered to be the only quantitatively important N2 fixers (diazotrophs) (Zehr, 2011).
However, nitrogenase (nifH) gene sequencing has uncovered an almost ubiquitous distribution of
diverse and presumably heterotrophic diazotrophs (Zehr et al., 1998; Farnelid et al., 2011). Notably,
these organisms are even found in high-latitude, deep, cold, or coastal waters where cyanobacteria
are few or absent (e.g., Fernandez et al., 2011; Blais et al., 2012; Bonnet et al., 2013) and their
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lifestyles and how they impact biogeochemical element
cycling seems fundamentally different from photoautotrophic
diazotrophs (Rahav et al., 2013; Farnelid et al., 2014; Moisander
et al., 2014; Benavides et al., 2015; Bentzon-Tilia et al., 2015a).
This has inspired many investigators to hypothesize that global N
inputs by BNF could potentially be much higher than previously
thought. However, the ecology and actual contribution of
heterotrophic diazotrophs to oceanic BNF is still largely elusive
(Bombar et al., 2016).

Aside from geochemical approaches which can help to
quantify BNF on the scale of ocean basins (Gruber and
Sarmiento, 1997; Deutsch et al., 2007), direct rate measurements
are an important and widely used tool for studying the ecology
and biogeochemical impact of diazotrophs. The most commonly
applied method for obtaining BNF rate measurements involves
adding 15N2 tracer gas to water samples followed by filtration
of suspended plankton and measurement of 15N tracer
incorporation into their biomass, typically after 24 h of
incubation (Montoya et al., 1996; Luo et al., 2012). However,
recent studies show that slow equilibration between the added
15N2 gas and the water sample can lead to an underestimation
of rates, requiring a modified protocol in which the gas is pre-
dissolved in aliquots of water (Mohr et al., 2010; Grosskopf
et al., 2012). Further, some widely used commercially available
15N2 gas stocks were shown to be contaminated with 15N-
labeled nitrate and ammonium, placing doubt on measurements
for which the purity of the used gas stock is not explicitly
confirmed (Dabundo et al., 2014). Regrettably, to date there is
no clear consensus about how the 15N2 enriched seawater should
be prepared, how trace metal and other contamination can be
avoided, and how incubations should best be carried out (Wilson
et al., 2012; Bentzon-Tilia et al., 2015a; Klawonn et al., 2015),
leaving it somewhat unclear whether rates from different studies
are really comparable and whether observed magnitudes of BNF
are accurate.

Clearly, an optimized and accorded protocol for how to best
carry out BNF measurements is much needed. In this context, we
believe that an additional potential source of error in BNF rate
measurements needs to be considered, namely the traditional use
of glass fiber filters (Whatman GF/F R©) with a nominal pore size
of 0.7µm in post-incubation filtrations. It has long been known
that significant shares of recently fixed N can be exuded from
diazotroph cells as ammonium or dissolved organic nitrogen
(DON), giving the obtained BNF rates the operational definition
of a “net rate” (Glibert and Bronk, 1994; Mulholland et al.,
2004; Berthelot et al., 2017). However, if actual diazotroph cells
would also be lost to the filtrate during filtration, as suspected
by other investigators (Konno et al., 2010), the resulting BNF
rates would simply be operational underestimates. This kind of
loss would arguably affect heterotrophic diazotrophs from the
picoplankton size class (0.2–2µm diameter) more than e.g., large
Trichodesmium colonies, which can be up to 5mm in length.
Although investigators have tested the performance of different
filters for pigment and productivity measurements (Søndergaard
and Middelboe, 1993; Moran et al., 1999; Nayar and Chou,
2003 and references therein) and of GF/F filters for retention of

bacterioplankton (Lee et al., 1995), there is no assessment of how
specific functional groups such as different diazotroph species are
retained by GF/F filters. In fall 2013 we carried out an initial test
incubation in the Sargasso Sea in which we compared BNF rates
obtained from filtering incubations over GF/F filters (0.7µm
pore size) with replicates filtered over different filters (Advantec R©

glass fiber filters, 0.3µm pore size), with the surprising result
that the “Advantec rates” were twice as high as those obtained
from GF/F filters (2.95 ± 0.53 nmol N L−1 d−1 vs. 1.4 ± 0.17
nmol N L−1 d−1, respectively; n = 3; Dziallas and Severin,
unpublished). These results motivated the current study, in
which we tested the overall retentive characteristics of these
filters and whether BNF rate differences between them would
be reproducible in contrasting marine environments. Further, we
identified diazotrophs in bulk water and in cells passing through
to the filtrates by Illumina amplicon sequencing of nifH genes.
In the light of our results we aim to provide information and
guidance on choice of filters associated with the 15N2 tracer assay
in order to obtain better measurements of BNF rates in the future.

MATERIALS AND METHODS

Sampling Overview and BNF Rate

Experiments
We carried out BNF experiments with natural seawater to
determine potential differences in the retentive characteristics of
conventional glass fiber filters (“GF/F”, 0.7µmnominal pore size,
Whatman R©) and Advantec R© filters (Advantec, GF75, 25mm
diameter, Toyo Roshi Kaisha, Japan via Sterlitech Corp.) with a
smaller nominal pore size (0.3µm), and to test whether these
differences in pore size would affect resulting rates of BNF.
Experiments were carried out with water from three different
marine sites between 2013 and 2015, in order to assess whether
the retentive characteristics of the filters would differ among
fundamentally different diazotroph communities (Supplemental
Table S1). One station in the narrow Strait of Øresund between
Denmark and Sweden (55.974N, 12.694 E) was sampled on
28. April 2015, and experiments were carried out with water
from the surface (originating from the Baltic Sea, salinity 11)
as well as from 25m depth, below the halocline (originating
from Skagerrak, salinity 33). Between March and May 2015,
one experiment per month was carried out with surface water
from several stations along Roskilde Fjord (Denmark), which is
a eutrophic estuary with a steep trophic and salinity gradient
(inner buoy, salinity 14; outer buoy, salinity 20; boundary station,
salinity 22; Supplemental Table S1). Previous sampling at the
inner buoy showed that BNF peaked in spring and diverse
heterotrophic and photoheterotrophic diazotrophs were present
and active (Bentzon-Tilia et al., 2015a). Lastly, in February 2015
experiments were carried out with water from 100, 50m, and the
surface at one station off Baja California in the subtropical Pacific
(23.0N,−111.253W).

In all experiments, BNF rates were measured using the
15N2 tracer approach (Montoya et al., 1996). 15N2 tracer gas
was pre-dissolved in artificial seawater (Boström et al., 2007);
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adjusted to local salinities), using methods modified after Mohr
et al. (2010). Following sterile filtration, the artificial seawater
was degassed for 1 h by heating (50◦C), magnet stirring, and
applying vacuum (approximately 950 mbar below atmospheric
pressure). Thereafter, the water was quickly distributed bubble-
free into 50mL borosilicate serum vials, which were immediately
crimp-sealed using sterile butyl rubber septa. One mL of 15N2

tracer gas (Campro Scientific, Veenendaal, The Netherlands; 98%
enrichment of 15N) was then injected through the septum into
each vial using a gas-tight syringe, and equilibration of the gas
in the artificial seawater was achieved by shaking overnight (150
r.p.m) and subsequent storage of inverted vials at 5◦C for at
least 48 h. In order to avoid potential contamination with trace
elements in this degassing protocol, all materials, bottles and
tubings were acid-washed prior to use. At each experimental
site, triplicate acid-washed andMilliQ-rinsed 1.2 L polycarbonate
bottles were rinsed three times with local seawater and then
filled close to capacity. We then quickly added one vial of
15N2 enriched water before immediately closing the bottles with
screw caps to obtain a theoretical initial N2 substrate label of
approximately 10 atom% 15N. Bottles were incubated under
simulated in situ conditions including flowing surface seawater
for cooling and neutral density screening to approximatelymimic
light levels at the surface or at particular depths (i.e., 75% of
sea surface irradiance for Øresund or Roskilde Fjord surface
samples, 5% at 25m in Øresund, and 75, 1, and 0% for 5, 53,
and 100m samples in the Pacific). Incubations were terminated
after 24 h by gentle vacuum filtration (≤ 25 cm Hg) onto 25mm
pre-combusted (450◦C, 5 h) GF/F or Advantec filters (Figure 1).
Suspended material in bulk water as well as in filtrate from
both types of filters was filtered onto 0.2µm pore size, 47mm
diameter Supor membranes (Pall Corporation) to collect biomass
for DNA extraction in order to analyze diazotroph communities
via nifH gene sequencing (see below). Further aliquots of
bulk water and filtrate were also preserved for flow cytometric
abundance estimations and qualitative microscopic analysis
(see below).

All glass fiber filters were dried at 60◦C for 12 h and
packed in tin cups (IVA, Meerbusch, Germany). Filters were
analyzed by isotope ratio mass spectrometry for 15N and 14N at
the Laboratory of Applied Physical Chemistry, Gent, Belgium,
including empty tin cups, blank filters (duplicates of each for
every sampling campaign) and time-zero samples (no 15N2

added) from each replicate at every station/depth, to obtain
natural abundance δ

15N measurements of suspended particulate
N. BNF rates were calculated following Montoya et al. (1996),
and detectable activity was defined as when the difference
between δ

15N in the incubated and initial samples was >3x
the standard deviation among all time-zero samples at a given
station/depth.

Microscopy and Flow Cytometry
For bacterial enumeration, triplicate bulk and filtrate 2mL
samples were fixed with glutaraldehyde (1% final) and stored at
−80◦C. After defrosting, samples were stained with SYBR green
nucleic acid gel stain I (1% final concentration) and analyzed

on a FACSCanto II flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA) (Gasol and Del Giorgio, 2000; Supplemental
Figure S1). Fluorescent beads (True count beads, BD Biosciences,
Albertslund, Denmark) were used to calibrate the flow rate.

Microscopy was exclusively used for qualitative analysis
of samples, i.e., to check for the presence of particles,
cell aggregates, etc. in bulk samples and filtrates. Fixed
subsamples (formaldehyde 1% final) from experiments
were filtered onto black polycarbonate filters (0.2µm pore
size; 25mm diameter; Whatman) and stained for 2min
with 4′,6-diamidino-2-phenylindole (DAPI; 0.01mg ml−1).
Samples were examined at 1000x magnification under a
Zeiss Axioskop 2 mot plus epifluorescence microscope (Carl
Zeiss, Jena, Germany) using filter set U-FUW (Olympus Co.,
Japan).

DNA Extractions, Polymerase Chain

Reaction (PCR) and nifH Illumina

Sequencing
DNA was extracted using a phenol/chloroform protocol
(Boström et al., 2004), and quantified using PicoGreen
(Molecular Probes, Invitrogen, Eugene, OR, USA). nifH gene
fragments (359 bp) were amplified by nested PCR using
degenerate primers (Zehr and Mcreynolds, 1989; Zani et al.,
2000). PCR reactions were prepared in a sterile workflow
bench after 30min of UV treatment, and DNA templates were
added in a separate bench. PCR amplifications were carried
out in 25 µL reactions using Pure Taq Ready-To-Go PCR
Beads (GE Healthcare). The first round of PCR was carried
out with the nifH3 and nifH4 primers (Zehr and Turner,
2001) followed by another 30-cycle-PCR in triplicate for each
sample, using 1 µL PCR product from the first round as
template, and custom Illumina primers consisting of gene-
specific sites nifH1 and nifH2 (Zehr and Turner, 2001) dual-
indexed, sample specific barcodes, and four random nucleotides
at the start (Supplementary Table 2). Extracted DNA from a
marine diazotroph isolate BAL286 (AY97287; Boström et al.,
2007) served as positive control. All reactions were cycled at
95◦C for 3min, followed by 30 cycles of 95◦C for 45 s, 54◦C for
1min, 72◦C for 1:30min, and a final elongation step of 72◦C
for 7min.

Amplicons from triplicate PCR reactions from each sample
were pooled, cleaned (Agencourt AMPure XP kit; Beckman
Coulter, Indianapolis, USA), and quantified (PicoGreen). All
samples were then pooled in equimolar amounts (approximately
10 ng DNA per sample). Negative control PCR reactions were
included in the sequencing pool despite the absence of visual
gel bands after amplification. Library preparation and sequencing
were performed at NGI Sweden (Royal Institute of Technology)
with Illumina Truseq PCR-free library preparation and the
MiSeq v2 2 × 250 bp sequencing protocol. Sequences were
uploaded to the Sequencing Read Archive (SRA) database on
NCBI (Accession number SRP125896). Sequence reads were
trimmed, merged, quality-checked (scores <20 eliminated) and
demultiplexed following Qiime protocols (Caporaso et al., 2010).
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FIGURE 1 | Scheme illustrating the experimental setup for comparing GF/F and Advantec filters.

Further processing and quality control was performed using
Mothur (Schloss et al., 2009), discarding reads with ambiguities
and homopolymers (>8 bp). Operational taxonomic units
(OTUs) were clustered at 97% nucleotide sequence similarity,
and a de novo chimera check was performed using Uchime
(Edgar et al., 2011). OTUs containing chimeras, frameshifts,
and non-nifH sequences were removed. For non-metric
multidimensional scaling (NMDS) plots, rarefied OTU tables
were used by subsampling to 2,000 reads per sample, and Bray
Curtis similarity matrixes were calculated and designed using
PRIMER 6 (Clarke and Gorley, 2006).

Statistics
Significant differences in BNF rates and filtrate bacterial
abundances between GF/F and Advantec were detected by
means of t-tests (SigmaPlot 12.5, Systat Software Inc.). To
reveal differences in nifH community composition among bulk
and filtrate samples, Bray–Curtis similarities were calculated
in PRIMER 6.1.15 based on rarefied (n = 2,000) nifH genes
and visualized by non-metric multidimensional scaling (NMDS).
Permutational multivariate analysis of variance (PERMANOVA)
was carried out to test for significant differences of nifH
communities among bulk samples and GF/F and Advantec
filtrates.

RESULTS AND DISCUSSION

Different Retention Characteristics of GF/F

and Advantec Filters
Recent attempts to improve the 15N2 tracer assays for BNF
measurements (Mohr et al., 2010; Dabundo et al., 2014; Klawonn
et al., 2015) reemphasize that the goal of this methodology must
be to obtain accurate BNF rates which are comparable between
fundamentally different habitats and can be used for N budget
calculations (Montoya et al., 2004; Voss et al., 2004; Capone et al.,
2005; Benavides et al., 2015). Overcoming the methodological
biases of 15N2 gas dissolution and dissolved inorganic 15N
contamination are important steps, but they can only lead to
an acceptably error-free method if other significant biases are
excluded. Oceanic diazotrophs can be found in a range of sizes
and exhibit different lifestyles. They encompass millimeter-sized,
filamentous cyanobacteria, as well as auto- and heterotrophic
prokaryotes falling into the picoplankton size class (0.2–2µm),
which includes key players such as the cyanobacterial symbiont
“UCYN-A” (Farnelid et al., 2010; Thompson et al., 2012). The
present study shows that glass fiber filters indeed do not catch
the entire diazotroph community and therefore might commonly
lead to underestimates of BNF rates. Thus, amendments to the
filtration step of BNF experimental assays seem necessary.
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FIGURE 2 | Cell retention characteristics of Advantec and GF/F filters, illustrated as the percentages of cells found in filtrates relative to the cell abundances in bulk

water samples (averages ± standard deviation, n = 3). The actual cell abundances can be found in Supplemental Table S1. Where gray bars are lacking, pigmented

cells (which included some cells larger than the nominal pore size of the glass fiber filters) were completely retained by the filters or too low in abundance for reliable

quantification. Cases where abundances were significantly different between the two filtrates are marked with asterisks (t-test, p < 0.05). In Øresund, the halocline

separates surface waters with a salinity of 11 and deep waters with a salinity of 33. For the inner buoy sample on 25th March 2015 (marked with an a) statistical

differences could not be calculated since only two replicates were available for flow cytometry.

Our assessment of the retentive characteristics of
precombusted GF/F and Advantec filters in three different
marine environments shows for both filter types that large shares
of total bacteria can be lost to the filtrate (Figure 2). These results
are similar to earlier tests of un-combusted GF/F filters (Lee et al.,
1995; up to around 50% of total bacterioplankton cells lost to
the filtrate). However, Advantec filters overall performed better
than GF/F, as shown by significantly fewer cells passing through
Advantec filters in 6 out of 12 samples across all tested habitats
(Figure 2) and by the overall averages for all samples (for GF/F:
average= 51%, range= 10–70% of cells; and for Advantec filters:
average = 40%, range = 10–54%). Differences in cell retention
between GF/F and Advantec filters varied across different
samples, which is most clear for different depths at the Øresund
and the Pacific stations. This suggests that the filtration bias
varies depending on what kind of plankton/bacterial community
is present, and also on whether, for example, lots of suspended
debris or sediment is present. For example, microscopy showed
that in the Øresund the sample from below the halocline was
characterized by abundant, large particles densely colonized
by bacteria, which probably explains why they were retained
comparably on both filter types. At 2m depth, such particles
were scarce, and here bacterial abundances were clearly higher
in the GF/F filtrate (Figure 2). In rare cases cells larger than
the nominal pore size of glass fiber filters were found in the
filtrates (Figure 2, Supplemental Figures S1 D–F), suggesting
that they can somehow break through the pores at times. This is
likely related to the matrix structure of overlapping glass fibers
in these filters, which form pores of nominal size, in contrast
to absolute-rated filters having pores with a defined shape and
size. Interestingly, Lee et al. (1995) observed that once-retained
particles can get lost to GF/F filtrate when filtering large volumes
of seawater (several liters, as is rather common for studies in
oligotrophic waters).Taken together, our data suggest that while

both filters are suboptimal for retaining all bacteria, Advantec
filters retain comparatively more cells and thus appear to be
the better choice for BNF assays. Optimally, measurements of
isotope signatures such as in the 15N2 assay would be carried
out by using 0.2µm pore size silver membrane filters, but these
carry a significantly increased cost considering their price (e.g.,
Sterlitech, approximately $6.90 per filter vs. $0.6 per filter for
glass fiber filters) and the common requirement for replicate
filters across multiple sampling stations, depths, or experimental
time points.

Our finding that precombusted glass fiber filters fail to
retain significant numbers of bacterioplankton is puzzling in the
light of earlier claims of precombusted GF/F filters performing
comparably as 0.2µm pore size membrane filters in productivity
and pigment measurements (Chavez et al., 1995; Nayar and
Chou, 2003). While Chavez et al. (1995) focused solely on
Chlorophyll a containing cells (prochlorophytes with 0.54–
0.67µm equivalent spherical diameter) and primary production
measurements, Nayar and Chou (2003) used scanning electron
microscopy and showed that the borosilicate glass microfibers
get compacted during combustion, which effectively downsizes
the nominal pore size. The only obvious explanation for the
discrepancy to our results is that Nayar and Chou (2003)
combusted their filters at 600◦C for 1 h, while most studies
carrying out BNF measurements (including our present one)
combusted filters at 450◦C for 2–12 h (e.g., Montoya et al.,
1996; Capone et al., 2005; White et al., 2007; Farnelid et al.,
2013; Shiozaki et al., 2017). While the lower temperature of
450◦C is enough to eliminate carbon or nitrogen contamination
from filters, it apparently compacts the filter fiber structure less
than at 600◦C. Manufacturers advise maximum temperatures of
500◦C for borosilicate membranes, and Nayar and Chou (2003)
observed melting of the filters when exposing them to >600◦C
or to longer durations of combustion. Thus, combustion like
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described by Nayar and Chou (2003) can potentially further
reduce the large bacterial cell loss during filtration and should be
more widely adapted for measuring bacterial process rates. The
current application of only 450◦C together with highly variable
combustion times in BNF studies adds to the uncertainty about
which effective pore sizes may have actually been applied in
published BNF studies.

Some investigators opt for not precombusting glass fiber
filters prior to using them in BNF experiments (e.g., Fernández
et al., 2010). This is due to the concern that the effective

combustion temperature could vary for different filters inside
the furnace (depending e.g., on how they are positioned and

how close they are to the walls), and due to the belief that

contamination of purchased filters is negligible and that the
additional handling associated with precombustion could add

further contamination.While these concerns are valid, we believe

that precombustion is an essential part of the BNF protocol. In
our experience, significant trace contamination of filters can exist,

and thus using uncombusted filters would introduce additional
uncertainty about obtained BNF rates, given the mentioned

potential contamination of 15N2 gas stocks (Dabundo et al., 2014)

and the difficulties with generating contamination-free 15N2

enriched seawater (Klawonn et al., 2015). Further, as mentioned,

the effects of combustion on the filter matrix structure seem

to be desirable since they increase the retention capacity of the
filters (Nayar and Chou, 2003). However, a consensus protocol

of preparing and carrying out BNF measurements should
include reviewed instructions on how to correctly combust glass

fiber filters, including recommendations on combustion times,
temperatures, and positioning of the filters inside the furnace.

The Effect of Different Retention by GF/F

and Advantec Filters on Obtained BNF

Rates
Apart from the initial filter test in the Sargasso Sea (2.95 ±

0.53 nmol N L−1 d−1 for Advantec vs. 1.4 ± 0.17 nmol N
L−1 d−1 for GF/F) all measured BNF rates in this study were
below 2 nmol N L−1 d−1, falling into the lower range of
volumetric BNF measured in oceanic waters (Luo et al., 2012).
At the station in the Pacific, BNF even remained undetectable.
The low rates in Øresund and Roskilde (Figure 3) are possibly
explained by the abiotic conditions encountered, including rather
low temperatures measured throughout our samplings, peaking
at around sampling in Roskilde Fjord. Such temperatures are
belowwhat is traditionally diazotroph growth, even for temperate
cyanobacterial species like Aphanizomenon flos aquae or
Anabaena spp. (Laamanen and Kuosa, 2005; Sohm et al., 2011).
However, not much is known about temperature constraints on
field populations of non-cyanobacterial diazotrophs. BNF rates
for Roskilde Fjord were overall much lower in 2015 than in 2012
(Bentzon-Tilia et al., 2015a) although water temperatures were
comparable, pointing to a high year-to-year variability. It could
be speculated that our low BNF rates falsely represent uptake
of 15NH4 contaminant (Dabundo et al., 2014) by small bacteria
which were subsequently retained better by Advantec filters.
However, in this case it would be difficult to explain why BNF
remained completely undetectable in some samples, and more
importantly, our batch of 15N2 gas from Cambridge Isotopes
(lot # I-16727) was described to contain only minute levels of
contaminant, theoretically triggering maximal “false” rates of ca.
0.02 nmol N L−1 d−1 (Dabundo et al., 2014). We therefore

FIGURE 3 | N2 fixation rates obtained from using Advantec or GF/F filters in Øresund and Roskilde Fjord (averages ± standard deviation, n = 3). N2 fixation was

undetectable in all Pacific samples and therefore a graph is not shown for that habitat. For Roskilde Fjord, N2 fixation was not measured in March 2015. Cases where

rates were significantly different between the two filter types are marked with asterisks (t-test, p < 0.05). In Øresund, the halocline separates surface waters with a

salinity of 11 and deep waters with a salinity of 33.
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believe that our measurements represent true diazotroph activity.
diazotroph activity.

Importantly, in most cases where we detected BNF (including
the initial test in the Sargasso Sea), rates were higher when
using Advantec filters compared to GF/F filters, and in two cases
rates remained undetectable with GF/F filters while they were
detectable in Advantec replicates (Roskilde Fjord outer—and
boundary station, May 2015; Figure 3). In all cases where BNF
rates were significantly higher in Advantec replicates, we also
found significantly lower bacterial abundances in Advantec
filtrates (Figure 2 vs. Figure 3), suggesting that cells responsible
for BNF were lost via GF/F filtration but not via filtration
over Advantec. Taken together, our data suggest that by using
Advantec filters, detection of low BNF rates is more likely. This
finding is important because BNF rates inmesopelagic waters and
other “unusual” habitats are often equal to or even lower than our
rates (Fernandez et al., 2011; Bonnet et al., 2013; Dekaezemacker
et al., 2013; Rahav et al., 2013; Benavides et al., 2015; Löscher et al.,
2016). Consequently, it would be desirable to test whether rates
determined for these environments (and the biogeochemical
significance derived from such rates) are underestimates due to
the use of 0.7µm pore size GF/F filters.

Diazotroph Community Composition in

Bulk Samples and Filtrates of GF/F and

Advantec Filters
In order to analyze and compare the presence and composition
of diazotrophs in bulk and filtrate material, we attempted to

PCR-amplify the nifH gene from a total of 62 samples (36 GF/F
/Advantec filtrates, 25 bulk samples, plus one blank sample). nifH
was successfully amplified from 58 samples, except for one bulk
sample from 5m at the Pacific station, a bulk sample from outer
buoy in March 2015, and both filtrate samples at outer buoy in
May 2015. The successful amplification in most filtrate samples
suggests that across different habitats, glass fiber filters do not
catch the entire diazotroph community.

The Illumina sequencing yielded a total of 1,489,321 reads
clustering into 464 OTUs after quality control and deletion of
OTUs with <100 reads across all samples or OTUs that occurred
in <2 per sample ranged from 554 to 89,532, with an average
of 25,678. The blank sample did not return any nifH sequences.
Sequences accounting for at least 1% of reads in a single sample
comprised 89 OTUs and were mainly affiliated with diverse
Proteobacteria and a few Cyanobacteria in nifH cluster I, as well
as putatively anaerobic prokaryotes in nifH cluster III (Zehr et al.,
2003) (Supplemental Figure S2). As in every study sequencing
nifH genes, some of the retrieved phylotypes potentially are
contaminants, which needs to be kept inmind especially for novel
sequences lacking closely related, cultured representatives. The
most common OTU_1 was most closely related to Paenibacillus
wynnii sp., a facultatively anaerobic bacterium isolated from
Alexander Island, Antarctica (Rodríguez-Díaz et al., 2005).
However, OTU_2 was closely related to a sequence retrieved
from bottled mineral water (França et al., 2016) and was
found across the different habitats, indicating that it was
possibly a contaminant. In the following discussion on retentive
characteristics of the filters, we therefore focus on well-studied

FIGURE 4 | Non-metric multidimensional scaling (NMDS) plots of the diazotroph community composition based on rarefied (n = 2,000) nifH genes, calculated by

Bray-Curtis similarity. (A) Resemblance between bulk samples at the different habitats. Rings mark different similarities (%) between samples, as shown in the legend.

RF: Roskilde Fjord; OS: Øresund; PAC: Pacific. B–D) Resemblance between bulk and filtrate samples in samples from Øresund, Pacific, and Roskilde Fjord,

respectively. IB, Inner Buoy; BS, Boundary Station.
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phylotypes which undoubtedly are of marine origin. Further, to
reduce complexity, from here wemainly focus on bulk and filtrate
samples for which BNF was measured.

The nifH community composition differed significantly
between habitats (Figure 4A; PERMANOVA p= 0.001), offering
the opportunity to test whether retentive characteristics of GF/F
and Advantec filters would vary depending on the composition
of diazotrophs. We mainly compare the types of diazotrophs
detected in bulk and filtrate samples in a qualitative way,
since Illumina sequencing of PCR amplicons does not yield
truly quantitative information due to biases such as preferential
amplification of some phylotypes (e.g., Turk et al., 2011).
As shown in Figures 4B–D, nifH communities often differed
between bulk- and filtrate samples, and between GF/F—and
Advantec filtrate samples, although these differences were not
significant overall (PERMANOVA, p = 0.48 for Øresund; p =

0.17 for Pacific samples, and p= 0.26 for Roskilde Fjord samples).
While amplicon sequencing can hardly be used to infer how

well the different filters retained specific diazotrophs, our data
suggest that only parts of the diazotroph community potentially
pass through the filters, and that there can be differences in
composition between diazotrophs passing through GF/F and
Advantec filters, respectively.

An important example are the few cyanobacterial OTUs
found in this study (green cluster in Supplemental Figure S2),
which were exclusively retrieved from bulk samples (screening
all ≥1% OTUs of all 58 successfully amplified samples), except
for OTU_4, which had 99% nucleotide sequence similarity
to Candidatus Atelocyanobacterium thalassa (“UCYN-A1”).
OTU_4 was only recovered in the Pacific, even though Bentzon-
Tilia et al. (2015b) previously found a close relative (UCYN-
A2) to be an active diazotroph in Roskilde Fjord. UCYN-A is
a symbiotic unicellular cyanobacterium that lives in a fragile
association with its host (Thompson et al., 2012), and this small
(1–2µm diameter) diazotroph was also clearly detected in GF/F
filtrate at 100m, although not at the shallower depths (Figure 5).

FIGURE 5 | Relative read abundances (in %) of operational taxonomic units (OTU’s) in bulk water and filtrates for the 24 samples in which BNF was measured. For

clarity, only OTUs accounting for ≥10% of reads in a single sample are shown. Abbreviations B, G, and A refer to bulk, GF/F, and Advantec samples, respectively. The

description lists accession numbers of closest BLAST hits and, where available, organism names of closest cultured or genome-sequenced organisms.
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This example documents that small, unicellular diazotroph key
players can get lost to filtrate in BNF assays. In contrast,
cyanobacterial OTU_10 (Hyella sp.) and OTU_52 (Cyanothece
sp.) only occurred in bulk samples. This is likely explained by
the morphology and size of these organisms, as Hyella sp. is
a pseudofilamentous, slime-generating and relatively large (10s
of µm long colonies) cyanobacterium (Brito et al., 2017), and
Cyanothece sp. is a larger unicellular cyanobacterium (≥3µm
diameter) which sometimes also forms aggregates (Reddy et al.,
1993). OTU_18 is a noteworthy example for a heterotrophic
diazotroph found in filtrate. This phylotype is closely related to
a Pseudomonas stutzeri (BAL376/BAL410) isolated from Baltic
Sea surface waters (Farnelid et al., 2014) and is thought to be
able to fix N2 in oxygenated water by forming aggregates. These
Pseudomonas types are likely important diazotrophs in the Baltic
Sea and Danish coastal waters, and it is notable that we also
detected OTU_18 in GF/F filtrate in Roskilde Fjord (Figure 5).
Together, our results suggest that the morphology and life style
of different diazotrophs influence whether they get lost to glass
fiber filtrate or not.

CONCLUSIONS

The experiments carried out in this study document the
significant loss of bacterial cells to filtrates of both GF/F
and Advantec filters, but with the latter performing clearly
better in retaining cells. While such losses have been described
previously, with little or no effect on productivity or pigment
measurements, we show that better retention by Advantec filters
can at times result in higher BNF rates compared to GF/F
filters. It is important to note that although we sampled multiple
locations, our dataset is small and detected rates were rather
low. We therefore explicitly encourage other investigators to test
Advantec filters in 15N2 tracer assays for other areas, including
“hotspots” of diazotrophy.

Advantec filters seem generally advisable for BNF
measurements, and especially in habitats expected to host
small and/or heterotrophic diazotrophs fixing N2 at low
rates. Further, BNF activity of cells filtered onto GF/F is
often compared with relative or absolute (qPCR determined)
abundances of certain nifH phylotypes analyzed from nucleic

acid samples filtered onto 0.2µm pore size membrane filters.
Our data shows that nifH containing organisms pass through the
glass fiber filters, apparently including organisms with significant
contributions to BNF, and thus it is advisable to use Advantec
or even silver membrane filters in 15N2 assays in order to obtain
better comparable data. In general, our results highlight the
importance of the filtration step in BNF measurements and
suggest that choosing filters with < 0.7µm pore size helps to
gain more inclusive measurements of diazotroph activity in
aquatic ecosystems.
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A Short Comparison of Two Marine
Planktonic Diazotrophic Symbioses
Highlights an Un-quantified Disparity
Andrea Caputo*, Marcus Stenegren, Massimo C. Pernice and Rachel A. Foster

Department of Ecology, Environment and Plant Sciences, Stockholm University, Stockholm, Sweden

Some N2-fixing cyanobacteria form symbiosis with diverse protists. In the plankton two

groups of diazotrophic symbioses are described: (1) a collective group of diatoms which

associate with heterocystous cyanobacteria (Diatom Diazotroph Associations, DDA), and

(2) the microalgal prymnesiophyte Braarudosphaera bigelowii and its relatives which

associate with the unicellular cyanobacterium Candidatus Atelocyanobacterium thalassa

(hereafter as UCYN-A). Both symbiotic systems co-occur, and in both partnerships

the symbionts function as a nitrogen (N) source. In this perspective, we provide a

brief comparison between the DDAs and the prymnesiophyte-UCYN-A symbioses

highlighting similarities and differences in both systems, and present a bias in the attention

and current methodology that has led to an under-detection and under-estimation of the

DDAs.

Keywords: cyanobacteria, diazotrophs, diatoms, symbiosis, DDA, UCYN-A, Richelia, Calothrix

INTRODUCTION

Some of the most inconspicuous components of the plankton are partnerships, or symbioses,
between diverse unicellular eukaryotic microalgae and prokaryotic cyanobacteria. In some
planktonic symbiosis, the symbionts are N2 fixers, or diazotrophs, that reduce di-nitrogen (N2) and
provide ammonia to their respective hosts. There are two marine planktonic N2 fixing symbiotic
systems described, which can be divided by host type. Themore recently discovered is a partnership
between a prymnesiophyte, the microalga Braarudosphaera bigelowii and its relatives and several
lineages of the unicellular cyanobacterium, Candidatus Atelocyanobacterium thalassa or more
commonly called UCYN-A (Zehr et al., 2008; Tripp et al., 2010; Thompson et al., 2012). The
second symbiotic system is a group referred to as diatom diazotroph associations (DDAs) (Foster
and O’Mullan, 2008).

DDAs are symbioses between various diatom genera (Rhizosolenia, Hemiaulus, Chaetoceros,
Guinardia, Bacteriastrum) and the heterocystous cyanobacteria, Richelia intracellularis orCalothrix
rhizosoleniae. Each symbiotic filament is composed of several vegetative cells and a terminal
heterocyst for N2 fixation. There is an additional DDA described between the pennate diatom,
Climacodium frauenfeldianum, and a unicellular cyanobacteria (Carpenter and Janson, 2000). For
the purposes of this review, however, we limit the discussion of the DDAs to the partnerships
involving heterocystous cyanobacterial symbionts.

Planktonic N2 fixing symbioses are widespread, often co-occur and both are considered
significant contributors to both the N and C cycles. The DDAs were described over a century
ago, yet remain understudied, with only two dedicated reviews in the last two decades (Villareal,
1992; Foster and O’Mullan, 2008), while the prymnesiophyte-UCYN-A symbioses were recently
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discovered (within a decade) and have been highlighted in
several reviews (e.g., Bothe et al., 2010; Delong, 2010; Thompson
and Zehr, 2013; Zehr, 2015; Farnelid et al., 2016; Zehr et al.,
2016). Moreover, rarely are the two systems directly compared
despite their similar nature as planktonic symbioses and
function in the marine N cycle. The purpose of this short
perspective is to provide a brief comparison of these two
biogeochemically relevant symbioses and highlight a current
disparity in attention and detection for the UCYN-A based
symbiosis.

EARLY OBSERVATIONS AND FIRST
GENETIC IDENTITY STUDIES

The earliest reports of DDAs came from simple microscopic
observations in the late nineteenth and early twentieth centuries
by Lemmermann (1905) and Ostenfeld and Schmidt (1901)
when they observed and described the cyanobacterial epiphytes
on Rhizosolenia, Hemiaulus, and Chaetoceros spp. diatoms.
For over a century the DDAs were presumed as N2 fixing
symbiosis, since it was only recently shown that N was fixed and
transferred to the hosts (Foster et al., 2011). While, the UCYN-
A was initially believed as free-living and was only recently
identified as a symbiont (Thompson et al., 2012). Unlike the
DDAs which can be distinguished by standard epi-fluorescent
microscopy, the UCYN-A symbiosis require sophisticated (e.g.,
competitor and dual labeled) and highly specific fluorescent
in situ hybridization (FISH) based assays (Thompson et al.,
2012; Krupke et al., 2013; Cabello et al., 2016; Cornejo-
Castillo et al., 2016). However the earliest detection of UCYN-
A (and DDA symbionts) were by environmental nifH sequence
(encodes for nitrogenase enzyme complex for N2 fixation)
libraries.

In the early diversity studies using the nifH gene, the UCYN-
A lineage and two of the three heterocystous lineages for DDAs
were identified (Zehr et al., 1998, 2001; Church et al., 2005).
These first sequences were referred to as: group A (hereafter
UCYN-A), het-1, and het-2, however no sequence was directly
linked to a particular cell or symbiosis. The het-1 and het-2 nifH
sequences were similar to nifH sequences of other heterocystous
cyanobacteria and therefore assumed to be derived from the
symbionts of diatoms since no other heterocystous cyanobacteria
were known to exist in the open ocean freely.

The identity of UYCN-A as a symbiont remained unknown
for another decade, while the first two het lineages (het-1, het-
2) and a third (het-3) were soon after identified as symbionts
of Rhizosolenia spp., Hemiaulus spp., Chaetoceros spp. diatoms,
respectively (Foster and Zehr, 2006). The het-3 symbiont
of Chaetoceros compressus was isolated into culture, genome
sequenced (CalSC01) and has been maintained asymbiotic since
2004 (Foster et al., 2010; Hilton et al., 2013). Currently there
are six nifH clades designated as UCYN-A (UCYNA-1 through
UCYN-A6), two clades are derived from symbiotic cells (i.e.,
UCYN-A1, UCYN-A2) (Thompson et al., 2014; Farnelid et al.,
2016; Turk-kubo et al., 2017) and no UCYN-A cells have been
isolated into culture.

SPECIFICITY, TRANSMISSION, AND
MAINTENANCE

The DDAs are described as highly host specific, such that
one symbiont type (e.g., het-1) associates with one host genus
(Rhizosolenia) (Janson et al., 1999; Foster and Zehr, 2006). In fact,
the specific nature in the partnerships allows the various DDAs
to be quantified by quantitative PCR (qPCR) assays specific for
the nifH sequence of the symbiont (see below). Similar high host
fidelity is described in the two UCYN-A symbioses (Thompson
et al., 2014; Cabello et al., 2016). The driver of specificity is
unknown and unstudied in both symbiotic systems. Since both
systems have evaded cultivation either entirely (e.g., UCYN-A)
or for long-term (e.g., DDAs) our understanding of the life cycles
and host-symbiont communication is extremely limited.

The infection and transmission (e.g., horizontal or vertical)
has not been observed in either system. Earlier laboratory studies
on the Rhizosolenia-Richelia symbioses found asynchronicity
between partner growth rates and division cycles, which led to
asymbiotic hosts (Villareal, 1990). Observations of asymbiotic
diatom hosts and/or free-living R. intracellularis and C.
rhizosoleniae are less common in the literature (Sournia, 1970;
Marumo and Asaoka, 1974; Villareal, 1990; Gómez et al., 2005;
White et al., 2007). Equally unknown is if another life stage
persists or is required for infection in either symbioses as has been
reported in terrestrial based symbioses with cyanobacteria (e.g.,
hormogonia) (Rasmussen, 2002). Given the rare instances of
UCYN-A in asymbiotic form byCARD-FISH studies (Thompson
et al., 2012; Krupke et al., 2013; Cabello et al., 2016), it is unlikely
that another life stage persists for UCYN-A.

SYMBIONT LOCATION

A major finding when the draft genomes for the Richelia
(RintHH01) and Calothrix (CalSC01) symbionts were reported
was that the symbiont genome size and dependency was linked
to location in the host diatoms (Hilton et al., 2013). A closer
look at the two symbioses reveals that the housing of the
symbionts are quite similar. For example, in prymnesiophyte
hosts, UCYN-A have been described as internal symbionts by
TEM observations of the host cytoplasm, loosely attached or in
a free-floating compartment (symbiosome) (Hagino et al., 2013;
Cornejo-Castillo et al., 2016). The symbionts of the DDAs vary
from externally attached to a quasi-internal location residing
between the host frustule and plasmamembrane (Villareal, 1992).
Recently using confocal microscopy we observed evidence for
an internal location of R. intracellularis in the cytoplasm of
Hemiaulus hauckii diatoms (Caputo et al. unpubl.). Thus the
location for the symbionts in the two systems varies: external,
quasi-, loosely attached, and internal.

SYMBIONT GENOME COMPARISON

Great insight into UCYN-A potential as a symbiont was revealed
by sequencing and closing its genome (Zehr et al., 2008; Tripp
et al., 2010). Likewise the sequencing of the draft genomes for
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the DDA symbionts (RintHH01, RintHM01, CalSC01) revealed a
remarkable reduction in genome size and content in the internal
symbiont compared to the external symbiont (Hilton et al.,
2013). There is an additional draft Richelia genome (RintRC01)
now available (Hilton, 2014). Two UCYN-A genomes are
available, one is closed, and a second is open (Zehr et al.,
2008; Tripp et al., 2010; Bombar et al., 2014). We excluded
the DDA symbiont RintHM01 as it was reduced and lacked
genes expected for a full genome (Hilton, 2014). Here we
compare all symbiont genomes by quantifying the number of
genes encoding for a particular subsystem normalized by genome
size (Supplementary Method).

The genome size for the symbionts are similar in that all
but the external DDA (CalSC01) have been reduced compared
to free-living cyanobacteria. The deleted genome content in
the DDA and UCYN-A symbionts however differs and was
previously highlighted (Table 1; Zehr et al., 2008; Tripp et al.,
2010; Hilton et al., 2013). An interesting similarity, which was
not reported, was a reduction in the number of genes for CO2

uptake in the RintHH01 (internal symbiont of diatom host H.
hauckii). In fact the decrease in genes for CO2 uptake seems to
be balanced by an increase in number of genes for N2 fixation.
Thus similar to UCYN-A1 and A2, the RintHH01 appears to
be reducing its capacity for CO2 uptake, while investing in N2

fixation.
The number of genes encoding for K homeostasis and P

uptake are similar in the DDA and the UCYN-A symbionts
and perhaps related to occurrences in similarly saline and low
P environments. The genomes for the UCYN-A symbionts
contain more genes for N2 fixation, vitamin synthesis, and cell
division, compared to the three DDA symbionts. An increase
in genes for N2 fixation is consistent with recent studies
showing a streamlined genome expression toward N2 fixation
(Cornejo-Castillo et al., 2016). The role of vitamins in the two
symbiotic systems is un-studied and of interest given that at
least half of the algal kingdom requires an exogenous supply of
vitamin B12 and a large percentage of phytoplankton, including
prymnesiophytes (80%) are vitamin B1 auxotrophs (Croft et al.,
2005, 2006).

Both the external (CalSC01) and quasi-internal (RintRC01)
DDA symbiont draft genomes contain more genes for transport
than the internal residing symbiont (RintHH01) (Figure 1,
Table 1). The number of genes for transport in UCYN-
A symbionts is similar to CalSC01 and is coherent with

a higher investment of the genome for transport given
an external location (Table 1). The internal DDA symbiont

(RintHH01) and UCYN-A symbionts contain similar numbers
of genes for stress, including genes encoding for oxidative

stress.
In summary, there were more parallels in the symbiont

genomes than previously highlighted. As reported earlier, the

genomes of UCYN-A1 andUCYN-A2 are similar in size, content,
and streamlining (Bombar et al., 2014); while the DDA symbiont

draft genomes differ largely (Figure 1, Table 1), and content

appears influenced by the symbiont location (Hilton et al.,
2013).

METHODOLOGICAL BIASES:
UN-QUANTIFIED AND UNDER-SAMPLED
DISPARITIES

Prior to the global sequence surveys (see below) and still in
common use today, is the use of qPCR assays to quantify the
nifH gene for diazotrophs. The nifH abundances of the various
DDA symbionts (het-1, het-2, and het-3) co-occur and can even
outnumber UCYN-A nifH copy abundances, however this is
rarely highlighted.

We reviewed 46 qPCR nifH surveys (reviewed in Farnelid
et al., 2016; Stenegren et al., 2017), and found that in <30%
of the studies (13 of 46 studies) all three DDA symbionts were
quantified, compared to UCYN-A (96%, 44 of 46 studies) and
the colonial diazotroph Trichodesmium (76%, 35 of 46 studies). A
higher percent (ca 50%, 24 of 46 studies) quantified het-1 and to a
lesser extent het-2 (ca 40%, 19 of 46 studies). Additionally, often
only small subsets of the total samples were assayed. For example,
19 out of 154 samples (12%) were assayed for het-1 and het-2
in an area of the North Atlantic known for large-scale blooms
of DDAs (Goebel et al., 2010). Hence it seems there is an “un-
quantified disparity” against the DDA symbionts that is especially
disconcerting in the context that often the global significance of
an organism is associated with its abundance and distribution.
Moreover, other means to collect the DDAs, e.g., gravity filtration
from niskin bottles, net tows, perhaps are still a better means to
quantify large and rare symbiosis.

Recent advances in sequencing platforms combined with
large scale oceanic sampling surveys [e.g., global ocean survey
(GOS), TARA, Malaspina] have been steadfast at revealing the
rich diversity of planktonic populations in the global ocean
without the need of separating populations (Caporaso et al., 2011,
2012; Werner et al., 2012; Bokulich et al., 2013). The UCYN-
A based symbioses (both DNA and RNA based samples) have
been reported in the TARA project and from a few select stations
(Cabello et al., 2016; Cornejo-Castillo et al., 2016), while the
DDAs remain un-reported. Using several geneticmarkers derived
from the DDA symbionts (16S rRNA, nifH) and hosts (rbcL,
18S rRNA), we performed blast searches in the KEGG MGENES
(www.genome.jp/mgenes/) and in the IMNGS database (https://
www.imngs.org/), with a 95% identity cut off. Our searches did
not generate a single hit, which was surprising, since DDAs are
widespread and often bloom formers. The closest hit were at the
90% sequence identity with low coverage.

A closer look at the sampling methods employed in the
global surveys identifies the use of pre-filtration steps (e.g.,
varying from 20 to 200µm). The pre-filtration is necessary to
avoid inclusion of larger eukaryotes (e.g., gelatinous zooplankton,
larvae and eggs), which would dominate the nucleic acid
composition and hence the sequence libraries. The hosts of the
DDAs are large (>20µm) and often form colonies or chains
(>200µm), thus pre-filtration would systematically exclude
DDAs. The prymnesiophyte-UCYN-A symbioses are small in
comparison; both hosts and symbionts are <10µm. In fact a
closer examination at the size fractionation experiments reported
in Tripp et al. (2010) (Figure 4, Tripp et al., 2010), demonstrates
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TABLE 1 | Summary of characters for DDA and Prymnesiophyte-UCYN-A symbioses are shown and separated by symbiont identity and common abbreviation for each

symbiont is given in parenthesis (e.g. het-1)†.

R. intracellularis

(het-1)

R. intracellularis

(het-2)

C. rhizosoleniae

(het-3)

Character A. thalassa

(UCYN-A1)

A. thalassa

(UCYN-A2)

√

R. clevei

R. styliformis

H. hauckii (HH)

H. membranaceus

(HM)

C. compressus

Bacteriastrum

known

host(s)

B. bigelowii relative B. bigelowii

80–250µm 12–35µm

30–70µm

7–40µm host size* 1–3µm 4–5µm;

7–10µm

chains and singlet chains and singlet chains host life history single single

endobiont Presumed endobiont external symbiont location endobiont endobiont,

symbiosome

1–32 1–2 1–4 # symbionts/ host 1 3–10

5–6µm; trichome length varies symbiont cell dia. 1µm >1µm

5.4 3.24 (RintHH)

2.21 (RintHM)

5.97 Symbiont genome

size (Mbp)

1.44 1.48

39 34 (RintHH)

34 (RintHM)

39 GC content (%) 31 31

Draft

(857)

RintHH draft (90)

RintHM draft (941)

Draft

(620)

Genome status

(contigs)

Complete

(1)

Draft (52)

65 56 (RintHH) 77 Coding density (%) 81 79

NH+

4 transporter; NO3

transporter and

reductase; NO2

reductase; Urea

transporter and urease;

GS inactivating factor

NH+

4 transporter; NO3

transporter and

reductase; NO2

reductase; Urea

transporter and urease;

GS inactivating factor;

GOGAT;

Urea transporter and

urease; GS inactivating

factor

reported genome

deletions

PS-II, partial or incomplete: TCA, Calvin

and urea cycles; amino acids and purine

synthesis

provide N provide N provide N Symbiont function provide N provide N

unknown unknown unknown Known host function provide C provide C

37.0 29.9 41.5 # Transporters/Mbp∧ 41.0 41.2

3.1 6.8 4.5 # Genes for N2

fix/Mbp∧

11.8 9.7

27.2 29.6 22.6 # Genes for

carbon/Mbp**

19.4 20.1

†
References: Villareal, 1992; Foster and Zehr, 2006; Foster and O’Mullan, 2008; Zehr et al., 2008; Tripp et al., 2010; Thompson et al., 2012, 2014; Hagino et al., 2013; Hilton et al.,

2013; Krupke et al., 2013; Bombar et al., 2014; Hilton, 2014; Cabello et al., 2016; Cornejo-Castillo et al., 2016; Martínez-Pérez et al., 2016.
√

up to 13 species are reported for

Rhizosolenia-R. intracellularis symbioses hence we report the two most common.

*Diatom cell size are reported as apical axis length.

**, #genes for carbon includes genes for photosystems, light-harvesting pigments and CO2 uptake.
∧Mbp × 106.

that even though the UCYN-A hosts are small (e.g., 4–5 or
7–10µm), the UCYN-A nifH genes were still detected in the
>10 and >25µm size fractions. Detecting UCYN-A on the
larger size fractions suggests that even the UCYN-A symbioses
are likely under-sampled in the global surveys. Future sampling
campaigns (and interpretations of results) should consider and
modify sampling to avoid biases against larger, symbiotic, and/or
chains of cells.

SINGLE CELL N2 FIXATION RATES AND
SCALING UP TO THE WATER COLUMN

Measurements of N2 fixation and transfer of fixed N from
symbiont to host has been made in both symbioses using
15N2 and nano-meter scale secondary ion-mass spectrometry
(nanoSIMS) measurements (Foster et al., 2011; Thompson et al.,
2012; Krupke et al., 2013, 2014; Martínez-Pérez et al., 2016).

Since C fixation has only been reported in the prymnesiophyte-
UCYN-A symbioses, we limit the comparison to the N2

fixation measures. For the prymnesiophyte-UCYN-A symbiosis,
a halogenated in situ hybridization (HISH) step is required prior
to the SIMS measurements for identification of the UCYN-
A symbiont, and in a more recent study, an additional probe
specific for the UCYN-A hosts were used, hence a dual labeling
(Martínez-Pérez et al., 2016).

A closer look at the single N2 fixation activity by DDA
and UCYN-A symbionts highlights a surprising similarity. For
example, N2 fixation for the Hemiaulus-Richelia DDA range
between 1.15 and 50.4 fmol N cell−1 h−1 (Foster et al., 2011),
while recently N2 fixation by UCYN-A1 and A2 was 0.5 and 9.16
fmol N cell−1 h−1, respectively (Martínez-Pérez et al., 2016). Both
UCYN-A and the DDA symbionts function as N sources for their
respective hosts. Given that Hemiaulus spp. hosts are larger (12–
70µm) than the prymnesiophyte hosts (1–10µm), one expected
a higher N2 fixation in the DDAs to support the higher N demand
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FIGURE 1 | Subsystem (genes with similar function) comparison between DDA and UCYN-A symbionts. Each bar indicates the number of genes in a particular

subsystem normalized against genome size (Mbp × 106) for het-1 (dark blue), het-2 (lighter-blue), het-3 (lightest blue), UCYN-A1 (dark orange) and UCYN-A2 (light

orange).

of the larger host diatoms. However, other factors influence N2

fixation, e.g., host growth, light/energy availability, temperature,
and iron (Villareal, 1989; Kustka et al., 2002; Berman-Frank et al.,
2007).

The recent rates reported for UCYN-A1 were also 3–5 orders
of magnitude higher than the rates reported earlier for UCYN-
A1 (e.g., 6.35 × 10−5

− 0.013 × 10−2 fmol N cell−1 h−1),
despite similar measured enrichment values (e.g., 0.3744-0.6194
atom%15N) (Krupke et al., 2013). Inherent in using the HISH-
SIMS is the potential to reduce the 15N fraction in the cell (e.g.,
up to 60%) (Musat et al., 2014). Hence it was somewhat surprising
that in the recent work on UCYN-A1 that utilized a double
CARD-FISHmeasured such a higher enrichment in 15N than the
earlier works that used only a single probe. The effect of double
CARD-FISH on enrichment has not been tested.

One of the useful applications for the single cell rates is the
ability to estimate the contribution of a particular population
to bulk water activity. These types of estimates have been done
for several of the open ocean diazotrophs (Foster et al., 2011,
2013; Krupke et al., 2015; Martínez-Pérez et al., 2016). For
example, an estimate of 0.19 and 0.62 Tmol N yr−1 is provided
by DDAs in the Atlantic and Pacific oceans, respectively, which is
similar to 0.36–0.71 Tmol N yr−1 estimated for Trichodesmium
spp. (Capone et al., 2008; Foster et al., 2011). Recently, up
to 30% of N2 fixation in the surface tropical N. Atlantic was
attributed to UCYN-A symbioses, while the contribution by
Trichodesmium in the region was far less (11%) (Martínez-
Pérez et al., 2016). Hence, single cell activity measures have
demonstrated that both symbioses should be included in global
N models.

CONCLUSIONS

In summary, even though DDAs are one of the earliest recorded
symbioses and are frequently observed at high bloom densities
worldwide with high measured N2 fixation rates leading to

high export fluxes (Villareal, 1994; Carpenter et al., 1999; Foster
et al., 2007, 2011; Subramaniam et al., 2008; Karl et al., 2012),
the DDAs are often overlooked. The genomes for the UCYN-A
lineages and one of the het symbionts (RintHH01) are uniquely
streamlined and similarly optimized for a symbiotic life history.
An open and interesting question is whether a similar degree
of modification occurs in the respective host genomes. Both
symbioses have invested in N2 fixation in both genome content
and cellular activity. Moreover, recent evidence suggests that
both symbioses can have equally high N2 fixation rates and
should be recognized as major players in the N (and C) cycle.
DDAs are methodologically excluded and less often assayed in
qPCR nifH surveys leading to under-detection, while UCYN-A
are often the most frequently assayed, and thus unavoidably
the most detected diazotroph. In a time of incredible resources
and instrumentation for detection, one must consider the
“un-quantified disparity,” especially if sequence abundance and
information continues to be used as a comparative indices and
to predict biogeochemical significance.
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SUPPLEMENTARY METHOD FOR
CONSTRUCTING THE SUBSYSTEMS
COMPARISON (FIGURE 1)

Genomes were downloaded from the NCBI database (RintRC01
accession: PRJEB5207, RintHH01 accession: PRJEA104979,
RINTHM01 accession: PRJEA104981, CalSC01 accession:

PRJEB19506, UCYN-A1 ALOHA accession: PRJNA30917,
UCYN-A2 SIO64986 accession: PRJNA256120) and
subsequently submitted to RAST (Rapid Annotation using
Subsystem Technology) for annotation. The annotated genomes
where browsed for genetic pathways of interest by using key
word searches. Number of genes for a particular subsystem were
normalized to genome size.
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and Sophie Bonnet 2
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Bar-Ilan University, Ramat Gan, Israel

Specialized prokaryotes performing biological dinitrogen (N2) fixation (“diazotrophs”)

provide an important source of fixed nitrogen in oligotrophic marine ecosystems such

as tropical and subtropical oceans. In these waters, cyanobacterial photosynthetic

diazotrophs are well known to be abundant and active, yet the role and

contribution of non-cyanobacterial diazotrophs are currently unclear. The latter are

not photosynthetic (here called “heterotrophic”) and hence require external sources

of organic matter to sustain N2 fixation. Here we added the photosynthesis inhibitor

3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) to estimate the N2 fixation potential of

heterotrophic diazotrophs as compared to autotrophic ones. Additionally, we explored

the influence of dissolved organic matter (DOM) on these diazotrophs along a coast to

open ocean gradient in the surface waters of a subtropical coral lagoon (New Caledonia).

Total N2 fixation (samples not amended with DCMU) ranged from 0.66 to 1.32 nmol

N L−1 d−1. The addition of DCMU reduced N2 fixation by >90%, suggesting that the

contribution of heterotrophic diazotrophs to overall N2 fixation activity was minor in this

environment. Higher contribution of heterotrophic diazotrophs occurred in stations closer

to the shore and coincided with the decreasing lability of DOM, as shown by various

colored DOM and fluorescent DOM (CDOM and FDOM) indices. We tested the response

of diazotrophs (in terms of nifH gene expression and bulk N2 fixation rates) upon the

addition of a mix of carbohydrates (“DOC” treatment), amino acids (“DON” treatment),

and phosphonates and phosphomonesters (“DOP” treatment). While nifH expression

increased significantly in Trichodesmium exposed to the DOC treatment, bulk N2 fixation

rates increased significantly only in the DOP treatment. The lack of nifH expression

by gammaproteobacteria, in any of the DOM addition treatments applied, questions

the contribution of non-cyanobacterial diazotrophs to fixed nitrogen inputs in the New

Caledonian lagoon. While the metabolism and ecology of heterotrophic diazotrophs is

currently elusive, a deeper understanding of their ecology and relationship with DOM

is needed in the light of increased DOM inputs in coastal zones due to anthropogenic

pressure.

Keywords: non-cyanobacterial diazotrophs, nifH, DCMU, DOM, CDOM, FDOM
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INTRODUCTION

Biological dinitrogen (N2) fixation provides an important
source of fixed nitrogen to fuel primary production in the
oceans (Karl et al., 2002), being especially critical in areas
devoid of other significant fixed nitrogen sources such as the
oligotrophic subtropical gyres. N2 fixation is performed by
specialized prokaryotic microbes called “diazotrophs.” These
include cyanobacterial and non-cyanobacterial (bacteria and
archaea) groups, that are commonly detected and quantified via
the presence of the nifH gene, which encodes for a subunit
of the nitrogenase enzyme system (Zehr, 2011). Traditionally,
marine diazotrophs were hypothesized to be constrained by
warm, low inorganic nitrogen waters (Sohm et al., 2011). Yet,
several filamentous cyanobacteria are able to obtain energy from
dissolved organic matter-DOM- (Rippka et al., 1979), and several
reports have shown that the most abundant photoautotrophs in
the world’s oceans (Prochlorococcus and Synechococcus) harbor
the genes necessary to use amino acids, peptides and sugars
(Yelton et al., 2016). As evidence accumulates, it seems that
the ability of using DOM as an alternative source of nutrients
under limiting situations is common in various planktonic
groups (Stoecker et al., 2017). Among marine diazotrophs,
unicellular cyanobacteria such as Cyanothece have been reported
to grow on glycerol (Feng et al., 2010), and filamentous
diazotrophs such as Trichodesmium may obtain as much carbon
from amino acids assimilation as from CO2 fixation in the
field (Benavides et al., 2017). Non-cyanobacterial and non-
photosynthetic diazotrophs require external sources of DOM as
energy sources (Riemann et al., 2010). The globally widespread
non-cyanobacterial diazotroph Gamma A (Langlois et al., 2015)
upregulates nifH gene expression upon glucose + mannitol
additions (Moisander et al., 2011). Previous work has also shown
that N2 fixation activity is stimulated by DOM additions (Bonnet
et al., 2013; Rahav et al., 2013, 2015), and correlates with labile
DOM compounds in environments where non-cyanobacterial
(non-photosynthetic) diazotrophs predominate, such as the
aphotic mesopelagic layer (Benavides et al., 2015), or the surface
ultraoligotrophic eastern Mediterranean Sea (Rahav et al., 2016).

N2 fixation and diazotroph community studies have mostly
focused on populations in the North Atlantic (Benavides and
Voss, 2015) and North Pacific Oceans, while other areas such
as the Indian and the South Atlantic and Pacific Oceans have
been chronically under-sampled (Luo et al., 2012). The western
tropical Southwest Pacific (WTSP) Ocean comprises warm,
oligotrophic, trace metal rich waters that harbor among the
high N2 fixation rates measured at sea (>500 µmol N m−2

d−1; Bonnet et al., 2017). The activity and distribution of
diazotrophs in the WTSP has been related to temperature, iron
and inorganic nutrient availability thresholds (e.g., Bonnet et al.,
2009; Moisander et al., 2010). In austral summer conditions,
the relatively warmer and productive waters like the Arafura,
Timor and Solomon Seas (∼26.5–30◦C) are dominated by
Trichodesmium and UCYN-B (Messer et al., 2016), while
UCYN-A remains confined to the colder and more oligotrophic
Coral Sea (∼22–26.5◦C; Moisander et al., 2010; Bonnet et al.,
2015; Messer et al., 2016). Together with the high abundances

of diazotroph phylotypes (Moisander et al., 2010; Bonnet et al.,
2015), the WTSP has been recently acknowledged as a hotspot
of global importance for N2 fixation activity (Bonnet et al.,
2017). Thus, understanding how environmental factors (besides
temperature and inorganic nutrients) shape the distribution and
activity of diazotrophs in the WTSP is of utmost importance
to assess their potential to fuel primary production in these
oligotrophic waters and their contribution to the oceanic
nitrogen budget.

New Caledonia, situated at the eastern edge of the WTSP,
is surrounded by a reef enclosing one of the largest coral
lagoons in the world. Here, primary production is nitrogen-
limited throughout the year (Torréton et al., 2010), prompting
diazotrophic activity (Garcia et al., 2007; Biegala and Raimbault,
2008) and the presence of various cyanobacterial diazotroph
phylotypes including Trichodesmium (often occurring as large
blooms; Rodier and Le Borgne, 2008), diatom-diazotroph
symbioses (DDAs) as well the unicellular cyanobacteria UCYN-
A1, UCYN-A2, UCYN-B, and UCYN-C (Turk-Kubo et al.,
2015). However, non-cyanobacterial diazotrophs have been far
less studied, and despite representatives such as the putative
gammaproteobacterium γ-24774A11 that has been detected at
abundances of 102–103nifH copies L−1 within the lagoon (Turk-
Kubo et al., 2015), their contribution to N2 fixation in this
environment remains unquantified. Moreover, the importance of
DOM as a source of energy and nutrition for both cyanobacterial
and non-cyanobacterial diazotrophs has never been explored in
this environment. In this study we assess if the inhibition of
photosynthesis triggers DOM nutrition in pelagic diazotrophs,
and whether the N2 fixation activity and/or nifH expression of
these pelagic diazotrophs is enhanced by different model DOM
molecules.

MATERIALS AND METHODS

Hydrography, Oxygen, Inorganic Nutrients,
Chl α and DOC Measurements
Sampling took place on 13 January 2016 approximately from
8:00 a.m. to noon at four stations along an anthropogenic
pressure gradient in theNewCaledonian lagoon onboard the R/V
Archamia. Station 1 was close to the rim of the coral reef barrier
and Station 4 near the harbor of the city of Nouméa (Figure 1,
Table 1). This transect connects the passage of Dumbéa (themain
canal for the entrance of ships into the lagoon) with the harbor.
Sampling started at Station 1 at high tide and proceeded toward
the coast as the tide ebbed.

At each station, temperature and salinity were measured by
casting a SeaBird SB19 plus CTD probe from the surface to
the bottom. Water samples for the measurement of oxygen,
nutrients, chlorophyll a (Chl a) and DOC concentrations,
and colored DOM (CDOM) and fluorescent DOM (FDOM)
parameters (see below) were collected from the subsurface
(∼3m), using a 5 L Niskin bottle and transported to the
lab for analysis in coolers equipped with icepacks within
2 h. Samples for the measurement of dissolved oxygen were
taken in triplicate and analyzed ashore using an automated
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FIGURE 1 | Map of stations sampled in the New Caledonian lagoon. The yellow line represents the coral reef barrier.

titration system with a photometric endpoint (Langdon, 2010).
Samples for the determination of nitrate plus nitrite (NOx) and
phosphate (PO3−

4 ) concentrations were taken on acid-washed
20mL polyethylene tubes, poisoned with 1% HgCl2, and stored
at 4◦C until analysis. The samples were analyzed on a AA3
Bran+Luebbe autoanalyzer following JGOFS recommendations
(JGOFS, 1994). The detection limits were 50 and 10 nM for NOx

and PO3−
4 , respectively. Chl a concentrations were estimated

from seawater samples (500mL) filtered through 25mm GF/F
filters (Whatman) and stored at −80◦C until analysis, extracted
in methanol on a AU Turner Designs bench fluorometer,
previously calibrated with pure Chl a (Herbland et al., 1985).
Samples for DOC were collected on triplicate precombusted
(450◦C, 6 h) glass ampoules and acidified to pH 2 with 50 µL
of 50% phosphoric acid. The samples were analyzed by high
temperature catalytic oxidation on a TOC-V analyzer (Sohrin
and Sempéré, 2005).

FDOM and CDOM Analyses
Samples for the analysis of FDOM and CDOM were filtered
through 0.2µm polycarbonate filters in a custom-made filtration
system pre-cleaned with 1M HCl and Milli-Q water. Samples
for FDOM analyses were stored at 4◦C until analysis (within
1 month), while samples for CDOM absorption analyses were
directly measured on a liquid waveguide capillary flow cell (WPI)
according to the method of Kowalczuk et al. (2013). Excitation-
emission matrix (EEM) spectra for analysis of FDOM were
determined using a Hitachi F-7000 spectrofluorometer (Tedetti
et al., 2011). FDOM components were identified by parallel factor
analysis (PARAFAC), a statistical decomposition technique used
to extract the most representative fluorescent components within
EEMs dataset. To increase the validity of the PARAFAC analysis,
data from the present experiment were pooled with 39 other
samples obtained from the same waters, 3 months before and

after the experiment. Indeed, to avoid systematic biases, remove
signals unrelated to fluorescence and to validate the number of
FDOM components, a large dataset was needed (Stedmon et al.,
2003). For example, in the case where two of the components
had very similar fluorescence characteristics and/or were highly
correlated in their appearance among samples, the PARAFAC
approach would have difficulties to discern between the two.
We then determined several spectral indices: the absorption
at 442 nm as a proxy of phytoplankton production and the
absorption at 350 nm as an indicator of terrestrial inputs in the
bay (Passow and Alldredge, 1995), a biological index (BIX) of
recent autochthonous FDOM contribution (Huguet et al., 2009),
a specific ultraviolet absorbance at 254 nm of DOC (SUVA254),
which is an indicator of aromatic DOM (Weishaar et al., 2003),
and the ratio of spectral slopes (Sr) at 275–295 nm (S275−295) and
350–400 nm (S350−400) ranges, related to the molecular weight
shift of DOM (Helms et al., 2008; Table 2).

N2 and Carbon Fixation Rates
Seawater for the quantification of N2 and carbon fixation rates
was sampled using a Teflon pump connected to polyethylene
tubing. Bulk N2 and carbon fixation rates were measured at
each transect station on triplicate 2.3 L transparent polycarbonate
bottles filled to overflow and closed air-free with septum
screwcaps. Once in the lab (within ∼2 h) the bottles were
amended with stable isotopes to assay N2 and carbon fixation
simultaneously. Each bottle was amended with NaH13CO3 99
atom% 13C to a final ∼10 atom% enrichment, and 2.5mL
98.9 atom% 15N2 gas (both isotopes acquired from Cambridge
Isotope Laboratories) injected through the septum using a gas-
tight syringe (Montoya et al., 1996). Commercial 15N2 gas stocks
have been recently reported to be contaminated with varying
amounts of other nitrogenated forms such as nitrous oxide and
nitrite (Dabundo et al., 2014). The 15N2 gas batch used here was
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TABLE 2 | Spectral indices investigated in this study.

Abbreviation Name Formula

HIX Humification Index Ex: 255 nm Em:

∫

480−434
∫

344−300

BIX Biological Index Ex: 255nm Em: 310−380
310−430

SUVA254 Specific UV Absorbance (254 nm) ABS (254)
DOC

Sr Spectral ratio
S275−295
S350−400

tested for contamination levels at J. Granger’s lab (University of
Connecticut, CT, USA), which were found to be negligible and
hence did not affect our N2 fixation rates (Benavides et al., 2015).
After isotope additions, the incubation bottles were inverted
20 times, transferred to running seawater incubators covered
with blue light screening reproducing the light intensity at the
corresponding sampling depth, and incubated for 24 h. To test for
non-cyanobacterial (non-photoautotrophic) N2 fixation activity,
a second set of incubation bottles was amended with DCMU to
a final concentration of 50µM (Rahav et al., 2015). These bottles
were covered with black fabric bags to keep them in the dark at
the same conditions as described above.

After incubation, the samples were filtered through
precombusted GF/F filters (Whatman), and the filters were
stored at −20◦C until analysis. Background (time zero δ

15N and
δ
13C) samples were taken at every station to allow an accurate
calculation of N2 and carbon fixation rates. The samples were
analyzed by continuous-flow isotope ratio mass spectrometry
(IRMS) using an Integra2 Analyser (Integra CN), calibrated with
International Atomic Energy Agency standards IAEA 310-A
for nitrogen (47.2‰) and IAEA 303-B for carbon (466‰). The
minimum quantifiable N2 fixation rate was 0.0041 nmol N L−1

d−1, as determined by error propagation analysis (Gradoville
et al., 2017). We note that the use of the traditional 15N2 “bubble
method” (Montoya et al., 1996) instead of the “dissolvedmethod”
(Mohr et al., 2010) may have resulted in an underestimation
of the actual rates (Grokopf et al., 2012), although the long
incubation time (24 h) likely reduces this possibility.

DOM Addition Experiments
To test for the enhancement of N2 fixation rates and/or nifH
gene expression as a response to DOM enrichments, we sampled
seawater in 25 extra 2.3 L polycarbonate bottles at Station
2. Five bottles were amended with a mix of carbohydrates
—“DOC treatment”- (sodium pyruvate, sodium acetate and
glucose), another five with a mix of amino acids —“DON
treatment”- (alanine, leucine, and glutamic acid), and another
five were amended with a mix of phosphomonoesters and
phosphonates —“DOP treatment”- (methylphosphonic acid, 2-
aminoethylphosphonic acid and fructose 1,6-biphosphate). All
DOM mixtures were prepared to be equimolar in carbon (all
contained 4µM carbon; Benavides et al., 2015). Five bottles were
used as a control (no DOM additions), and another five bottles
were used as a “time zero” (i.e., sacrificed at the start of the
experiment to know the baseline conditions). All bottles were
spiked with 2.5mL 15N2 and incubated for 24 h as described
above. At the end of the incubation period, samples for NOx,
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PO3−
4 and DOC analyses were taken from three bottles of each

treatment (i.e., DOC, DON, DOP) as described above. The fourth
and fifth bottles from each treatment were kept for RNA analyses,
respectively (see below).

DNA and RNA Sampling, Extraction and
qPCR Assays
Samples for DNA extractions were obtained at each transect
station in 2.3 L polycarbonate bottles. Once ashore, the samples
were filtered through 0.2µm Supor filters (PALL) using a
peristaltic pump. Upon filtration the filters were transferred to
bead beating tubes including ∼50 µL of a mixture of 0.1mm
and 0.5mm diameter glass beads (BioSpec Products), and stored
at −80◦C until analysis. DNA was extracted via the phenol-
chloroform method (Massana et al., 1997). RNA samples were
taken in duplicate from each treatment (see “DOM addition
experiments” above), filtered through 0.2µm Supor filters and
stored in sterile bead beating tubes containing 350 µL RLT
buffer (Invitrogen) and 3.5 µL ß-mercaptoethanol, and finally
stored at −80◦C until analysis. The RNA was extracted by
TRI Reagent (Invitrogen). 1mL of Tri reagent was added to
each sample that was disrupt and homogenized by pipetting
and vortexing in order to break the cells. The cell lysate was
incubated at room temperature for 3 h with occasional vortexing.
The samples were then centrifuge at 12,000 g for 20min at 4◦C.
The supernatant was transferred to a new tube and 10% of
Phase Separation Reagent, BCP (Molecular Research Center, Inc.,
Cincinnati, OH, USA) was added. After additional incubation
(30min) at room temperature and centrifugation (12,000 g,
15min, 4◦C) the supernatant was transferred to a new tube and
a cleanup and DNase treatment was performed using the RNA
Clean and Concentrator-5 kit (Zymo Research, Irvin, CA, USA).
Complementary DNA (cDNA) was created using the qScriptTM

cDNA Synthesis Kit (Quantabio, Beverly, MA, USA) using the
reverse primers of the nifH (nifH2 and nifH3; Zani et al., 2000).
Quantitative PCR (qPCR) assays were performed on a CFX-96
Touch Real-Time PCR Detection System (Bio-Rad) using the
TaqMan Fast Advanced Master Mix (Applied Biosystems) and
primers for nifH of UCYN-A, UCYN-B, Trichodesmium and
γ-24774A11 (here referred to as gammaproteobacteria) (Turk
et al., 2011).

RESULTS

Hydrography, Nutrients and in Situ DOM
The temperature of surface waters increased from 26.97 to
28.23◦C moving onshore from Station 1 toward Station 4, while
salinity remained close to 35.6 at all stations (Table 1). The
concentration of oxygen decreased onshore from 201 to 194
µmol kg−1, while inorganic nutrient concentrations (NOx and
PO3−

4 ) did not vary significantly along the transect, and neither
did Chl a concentrations, with the exception of Station 3 where
Chl awas slightly lower (Table 1). DOC concentrations remained
between 80 and 90µM along the transect, showing a peak of
∼98µM at Station 2 (Table 1).

CDOM absorption at 442 nm and 350 nm (a442 and a350)
presented lower values at station 2 and 3 as compared to the

values recorded at Stations 1 and 4 (Table 1) which indicated a
decrease in CDOM concentrations. Moreover, the spectral slope
S275−295 and the spectral ratio Sr were high with values >1
and >0.0.3 nm−1, respectively, which indicated the presence of
photodegraded DOM with low molecular weight. In addition,
the SUVA254 indices were<4 (this reference value is indicative of
DOMwith low aromaticity) with an average value of 1.09± 0.44.
Then CDOM at 442 nm and 350 nm is strongly photodegraded
with a low aromaticity. Three fluorescent DOM compounds
were identified by the PARAFAC model: terrestrial humic-like
(compound 1), tyrosine-like (compound 2) and tryptophan-
like (compound 3; Table 3). Humic-like compound signatures
were higher closer to the coast (Station 4) and decreased to
values around ∼5 QSU at the other stations. This pattern
is opposite to that of tyrosine-like compounds signals, which
increased toward the barrier reef. Tryptophane-like compound
concentrations did not follow any coast-open ocean pattern
but presented the highest concentrations at Station 2. The BIX
indices were homogenous and >1 (this value is indicative of an
enrichment in DOM from bacterial origin) along the transect
(Table 1). Overall, the optical analyses of DOM suggest that while
river-derived refractory DOM was more abundant close to the
coast, biological-derived labile DOM compounds were present
homogeneously at all stations along the transect.

N2 and Carbon Fixation Activity and
Diazotroph Abundance
No clear spatial trends were observed in either N2 or carbon
fixation rates along the transect. N2 fixation rates in samples not
amended with DCMU ranged from 0.66 to 1.32 nmol N L−1 d−1,
with the highest rates measured at Station 3 (Figure 2A). Carbon
fixation rates in samples without DCMU ranged from 1.50 to
2.14 µg C L−1 d−1 (Figure 2B). Both N2 and carbon fixation
were effectively inhibited in DCMU-amended samples (>90%;
Figures 2A,B).

Among the diazotroph phylotypes quantified by qPCR,
Trichodesmium and gammaproteobacteria showed the highest
abundance, ranging between 8.4 × 104 and 2 × 106, and 7.5 ×

105 and 1.8× 106 nifH copies L−1, respectively (Table 1). UCYN-
A and UCYN-B phylotypes were one to two orders of magnitude
lower, and undetectable at station 3 (Table 1).

N2 Fixation, Diazotroph Abundance and
Optical Response to Model DOM
Compound Additions
At Station 2 we tested whether the addition of DOC, DON or
DOP upregulated nifH expression and/or enhanced N2 fixation
rates. N2 fixation rates were similar in the control, DOC and
DON treatments (∼0.8 nmol N L−1 d−1), yet they doubled to
∼2 nmol N L−1 d−1 when DOP was added (Figure 3). However,
due to the variability among replicates, the enhancement of either
N2 fixation or expression of nifH genes was not statistically
significant in any treatment (Kruskal-Wallis, p > 0.05).

The DOC, DON, and DOP treatments yielded slightly
higher abundances of UCYN-A nifH transcripts compared to
transcripts measured in the controls, yet similar transcript
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TABLE 3 | Excitation and Emission maxima (Ex/Em) of three CDOM fluorescent components validated by PARAFAC model and identification by comparison with the

literature data.

This study Previous study FDOM sources

Comp. Ex(nm) Em(nm) Comp. Ex(nm) Em(nm) Reference

COMPOUND 1 Humic like <220 454(322) Humic-like (A) 230–260 400–480 Coble, 1996 Allochtonous: terrestrial

inputs from river

Terrestrial humic-like <260 454 Yamashita et al., 2010

HumiC-like (A) 230 476 Tedetti et al., 2016

COMPOUND 2 Tyrosine like 225(275) 304 C7 240(300) 338 Murphy et al., 2007 Autochtonous:

heterotrophic bacterial

degradation of DOM

Component 8 275 304 Stedmon and Markager, 2005

Tyrosine-like (B) 225(275) 304 Tedetti et al., 2016

COMPOUND 3 Tryptophane like 270(335) 340 Tryptophane (T1) 220–235 334–360 Coble, 1996 Autochtonous: coral

production,

heterotrophic bacterial

degradation of DOM

230(300) 352 Martias et al., 2018

numbers were with obtained in each of the three treatments
(∼5–6 × 103 nifH transcripts L−1; Figure 3). UCYN-B did
not show differential expression among treatments, while
Trichodesmium increased by one order of magnitude when
exposed to the DOC treatment (Figure 3). Despite being
the most abundant ambient group as determined by DNA
qPCR counts, gammaproteobacteria did not show detectable
nifH gene expression in our DOM enrichment experiments
(including control bottles). The prolonged incubation (24 h) in
polycarbonate bottles could have affected nifH expression in this
group (Moisander et al., 2014).

Regarding optical parameters, the DOC treatment resulted in
a peak of tyrosine-like compounds concentrations (+51%)
whereas no changes were recorded in humic-like and
tryptophan-like compounds concentrations (Table 4). The
effect of DON and DOP treatments on concentrations of
fluorescent compounds are not shown as FDOM results were
considered outliers in the validation of PARAFAC model.

DISCUSSION

Spatial Variability of N2 Fixation Rates and
Diazotrophic Phylotypes
Gammaproteobacteria and Trichodesmium were the most
abundant diazotrophs among the four phylotypes quantified
(Table 1). The nifH copies of these two phylotypes were higher
than in a previous study performed in the lagoon during
the austral summer. The abundances, reported by Turk-Kubo
et al. in nifH copies, ranged from 2.8 × 103 to 6.4 × 104

(UCYN-A), 3.5 × 102 to 2.7 × 103 (UCYN-B), 3.4 × 102

and 1.4 × 105 (Trichodesmium), and 4 × 102 to 1.9 × 103

(gammaproteobacteria) nifH copies L−1. Typically, the nifH copy
numbers reported here are similar to published numbers from
Berthelot et al. (2017) who reported abundances up to 1.3 × 103

(UCYN-A), 7.5 × 104 (UCYN-B), 1.6 × 105 (Trichodesmium),

and 2.7 × 104 (gammaproteobacteria) nifH copies L−1 from the
Solomon Sea.

DCMU blocks photosynthesis and thus the energy source
required by autotrophic cyanobacterial diazotrophs to fix
N2. Hence, measured N2fixation rates from DCMU-amended
samples should be representative of non-cyanobacterial N2

fixation. The lack of nifH expression in gammaproteobacteria
in our DOM addition experiments (see below) questions
whether this specific group was active. Nevertheless, other
non-cyanobacterial diazotrophs such as Bradyrhizobium and
Mesorhizobium, previously detected in the lagoon (Pfreundt
et al., 2016), could be responsible for the measured N2

fixation rates in DCMU-amended bottles. N2 fixation rates in
DCMU-amended incubations represented 4–7% of N2 fixation
measured without amendments. The New Caledonian lagoon
is dominated by autotrophic cyanobacterial diazotrophs (Rodier
and Le Borgne, 2008; Turk-Kubo et al., 2015), where non-
cyanobacterial phylotypes have been reported to represent
<2% of the diazotrophic community (Turk-Kubo et al., 2015;
Pfreundt et al., 2016). Hence, such a low contribution to
total N2 fixation rates may not be surprising, but deserves
further study in other parts of the lagoon and other times of
the year. Still, N2 fixation rates in DCMU-amended bottles
ranged between 0.04 and 0.11 nmol N L−1 d−1, which is
in the range of N2 fixation rates measured in environments
where non-cyanobacterial diazotrophs prevail (Moisander et al.,
2017).

It has to be noted that putative non-cyanobacterial N2

fixation was higher at stations closer to the coast (Stations
3 and 4), which may be linked to the Dumbéa river inputs
importing bioavailable CDOM at 350 nm and terrestrial humic-
like DOM compounds into the bay. Spectral indices (Sr and
S275−295) revealed low molecular weight and photodegraded
terrestrial CDOM/FDOM at Station 4 (the most impacted by
the river), which has been seen to enhance its availability
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FIGURE 2 | (A) N2 and (B) carbon fixation rates in DCMU and non-DCMU

amended samples.

to heterotrophic bacteria in oligotrophic waters (Su et al.,
2017). At Station 1, DOM sources come from autochthonous
phytoplankton production), which is also available for bacterial
growth (based on a442 values >0.1 as compared to Stations 2
and 3; Steinberg et al., 2004). The observed relationship between
DOM lability proxies and non-cyanobacterial N2 fixation activity
in the present study support the findings of previous studies
in the WTSP and the Mediterranean Sea (Benavides et al.,
2015, 2016; Rahav et al., 2016). Nevertheless, a mechanistic
understanding of how non-cyanobacterial diazotrophs benefit
from different DOM molecules (e.g., metabolic pathways,

FIGURE 3 | N2 fixation rates (line) and nifH gene expression (nifH transcripts

L−1; bars) in control, DOC, DON, and DOP treatments performed at Station 2.

Error bars indicate the standard deviation of the mean.

affinity for different substrates) is still lacking (Bombar et al.,
2016).

Diazotrophic Responses to DOM Additions
The influence of the three different DOM treatments applied
(DOC, DON, and DOP) differentially influenced nifH gene
expression of different phylotypes detected, with transcript
abundance increasing similarly in UCYN-A for all amendments
as compared to the controls (from ∼3 to 5–6 × 103 nifH
transcripts L−1), while no differences were observed between
controls and amendments for UCYN-B transcripts (Figure 3).
UCYN-B fixes carbon during the day and N2 at night to avoid
nitrogenase enzyme inhibition by photosynthetically derived
oxygen. Thus, nifH expression in UCYN-B is typically higher
at night (Church et al., 2005; Zehr et al., 2007). Hence, the
absence of nifH expression in UCYN-B during the day (when
our RNA samples were taken) is not surprising, even in the
presence of external DOM sources. Similarly, Moisander et al.
(2011) observed that nifH expression was not upregulated
in UCYN-B when incubated with a mixture of glucose and
mannitol. UCYN-A do not have a tricarboxylic acid pathway
(Tripp et al., 2010), and thus require reduced organic carbon
sources provided by their hosts (Thompson et al., 2012). It
is therefore plausible that DOM additions in our experiments
enhanced the diazotrophic activity of UCYN-A, similar to the
experiments of Moisander et al. (2011), who demonstrated
upregulated nifH gene expression in UCYN-A upon the addition
of a glucose and mannitol mixture. In our experiments, however,
a preference for DOC, DON or DOP was not observed and
the nifH expression response was similar across treatments
(Figure 3).

Active assimilation of both DOC and DON was measured
in natural Trichodesmium colonies from the WTSP open ocean
waters in similar experiments (Benavides et al., 2017). However,
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TABLE 4 | NOx, PO
3−
4 , DOC concentrations and values of FDOM-related ratios for the different DOM additions (DOC, DON, and DOP treatments) performed at Station 2.

Treatment NOx (µM) PO3−

4
(µM) DOC (µM) Humic-like (QSU) Tyrosine-like (QSU) Tryptophan-like (QSU)

Control 0.1 ± 0.0 0.1 ± 0.0 90.6 ± 15.5 6.54 44.79 11.71

DOC 0.2 ± 0.1 0.1 ± 0.0 98.6 ± 3.3 6.57 67.45 11.53

DON 0.2 ± 0.0 0.1 ± 0.0 104.1 ± 30.6 n/d n/d n/d

DOP 0.2 ± 0.0 0.3 ± 0.0 107.3 ± 7.5 n/d n/d n/d

Standard deviation values ( ± SD) are provided where available.

in that previous study only the addition of DON resulted in
an increase of filament-specific N2 fixation rates (Benavides
et al., 2017). The bulk water N2 fixation measurements presented
here do not allow us to discern the contribution of each

diazotroph phylotype. Nevertheless, while bulk N2 fixation rates
were highest in the DOP treatment, nifH gene expression by
Trichodesmium was highest in the DOC treatment (Figure 3).
The peak of tyrosine-like compounds coinciding with the
highest nifH expression of Trichodesmium observed in the DOC
treatment may be related to the production of CDOM by
this cyanobacterium (Steinberg et al., 2004). Surprisingly, DOM
additions did not result in any nifH expression in the group of
non-cyanobacterial diazotrophs tested in this study. In marine
waters, maximum nifH expression of gammaproteobacteria
typically reaches × 104 nifH transcripts L−1 (Luo et al., 2012;
Langlois et al., 2015). For example, Church et al. (2005)
reported an average of 4 × 102 nifH transcripts L−1 for
gammaproteobacteria in a diel cycle study at station ALOHA
in the North Pacific Ocean, which is in the same order of
magnitude as in a study in the WTSP by Moisander et al. (2014).
Nevertheless, a study including samples from a wide range of

oceanographic cruises across the North and South Atlantic and
Pacific Oceans reported up to ×105 gammaproteobacterial nifH

transcripts per liter in sunlit surface waters (Langlois et al., 2015).

In offshore waters of the WTSP, the addition of glucose and
mannitol upregulated nifH expression in gammaproteobacteria

(Moisander et al., 2011).
The lack of significant responses to DOM additions in

this study could reflect sufficient DOM availability (based on

Sr,S275−295 and SUVA254 indexes) potentially provided by corals

in the lagoon which are known for producing tryptophane-like

compounds (available DOM sources for bacteria; Weishaar et al.,

2003). However, the absence of detected gammaproteobacterial

nifH transcripts, also in the control bottles, suggests that bottle

confinement effects may have inhibited this group (Moisander
et al., 2014). In addition to the diel changes in nifH gene

expression between phylotypes (Church et al., 2005; Turk et al.,

2011), it is possible that the nifH expression measured in our

samples does not reflect the immediate response of diazotrophs

to DOM additions. It must be noted that while RNA samples
represent a snapshot of nifH expression at the time of sampling,

N2 fixation rates integrate the nitrogenase activity that has taken

place over a period of 24 h. Such differences probably also

account for the uncoupling observed between N2 fixation rates
and nifH gene expression.

N2 Fixation Rates Enhanced by DOP
Additions
Diazotrophs differ in how they access DOP. For example,
Crocosphaera watsonii (here represented by the UCYN-B
phylotype) obtains inorganic phosphorus using high affinity
phosphate binding systems, and organic phosphorus sources
such as phosphomonoesters utilizing alkaline phosphatases
(Dyhrman and Haley, 2006). In addition to these phosphorus
sources, Trichodesmium is also able to grow on phosphonates and
use phosphite (Dyhrman et al., 2006; Polyviou et al., 2015). It
is intriguing why the nifH gene expression of Trichodesmium-
or of any of the other diazotroph phylotypes tested- was not
enhanced when DOP was enriched, and deserves further study.
However, an enhancement of N2 fixationactivity was observed
in the DOP treatment (Figure 3), and could be due to inorganic
phosphorus limitation alleviation. Unfortunately, we do not
have alkaline phosphatase activity data to confirm whether the
DOP added to our incubations was ultimately transformed to
inorganic phosphorus compounds, but PO3−

4 concentrations
nearly doubled in DOP-amended samples with respect to
the control (data not shown), suggesting that active alkaline
phosphatases were functioning. The fact that N2 fixation rates
enhanced by DOP additions was not reflected in a significant
enhancement of nifH expression of any of the diazotroph
phylotypes tested suggests that the N2 fixation activity measured
may be provided by a diazotroph not accounted for in our
nifH gene q-RT-PCR assays. Alternatively, transcription may be
interrupted when the number of transcripts is enough to activate
the nitrogenase protein, resulting in an uncoupling between
expression and nitrogenase activity, as previously reported in
Trichodesmium cultures (Levitan et al., 2010).

CONCLUSIONS

Although cyanobacterial diazotrophs predominate in the New
Caledonian lagoon, here we demonstrate that non-cyanobacterial
diazotrophs contribute ∼10% of total N2 fixation rates.
Comparable to previous findings (see Moisander et al., 2017)
gammaproteobacteria were the most abundant based on DNA-
derived qPCR nifH gene counts, yet we did not detect any
nifH gene expression for this group throughout the experiments.
This lack of detectable expression together with the low N2

fixation rates measured in DCMU-treated samples questions the
contribution of non-cyanobacterial diazotrophs to biologically
fixed nitrogen inputs in the lagoon. Yet, the response of the
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cyanobacterial diazotroph phylotypes to the amended DOM
treatments suggests that mixotrophic nutritionmay be important
in these organisms and should be investigated further.
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Recently, the method widely used to determine 15N2 fixation rates in marine and

freshwater environments was found to underestimate rates because the dissolution of

the added 15N2 gas bubble in seawater takes longer than theoretically calculated. As a

solution to the potential underestimate of rate measurements, the usage of the enriched

water method was proposed to provide constant 15N2 enrichment. Still, the superiority of

enriched water method over the previously used bubble injection remains inconclusive.

To clarify this issue, we performed laboratory based experiments and implemented the

results into an error analysis of 15N2 fixation rates. Moreover, we conducted a literature

search on the comparison of the two methods to calculate a mean effect size using

a meta-analysis approach. Our results indicate that the error potentially introduced

by an equilibrium phase of the 15N2 gas is −72% at maximum for experiments with

very short incubation times of 1 h. In contrast, the underestimation was negligible for

incubations lasting 12–24 h (error is−0.2%). Our meta-analysis indicates that 84% of the

measurements in the two groups will overlap and there is a 61% chance that a sample

picked at random from the enriched water group will have a higher value than one picked

at random from the bubble group. Overall, the underestimation of N2 fixation rates when

using the bubble method relative to the enriched water method is highly dependent on

incubation time and other experimental conditions and cannot be generalized.

Keywords: 15N2 fixation, enriched water method, bubble method, diazotrophs, meta-analysis

INTRODUCTION

Over the last few decades, the stable isotopic tracer 15N2 was used to measure the production of
diazotroph (N2-fixer) biomass directly. This isotopic approach was first introduced by Burris and
Miller (1941), but it was not until the 1990s that isotope ratio mass spectrometers (IRMS) were
sensitive enough to measure low, open ocean low N2 fixation rates. The protocol established by
Montoya et al. (1996) has been widely used in the last two decades, yielding a large amount of N2

fixation data, which are particularly abundant in the North Atlantic and North Pacific Oceans (Luo
et al., 2012). Briefly, the method consists of adding a volume of 15N2 gas into a seawater sample,
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which is incubated for a given period (on deck or in situ), and
finally terminated by filtration through glass fiber filters. The
filters are later analyzed by IRMS to determine the amount of
15N2 transferred from the aqueous phase to the particulate cell
material. Montoya et al. (1996) introduced the calculation of the
N2 fixation rates using a mass-balance approach:

N2 fixation rate (ML−3 T−1) =
V

2
PN ≈

V

2
×

(

[PN] 0+ [PN]f

2

)

(1)
With V calculated as:

V(T−1) =
1

1t
×

(APNf − APN0)

(AN2 − APN)

Where M refers to mole nitrogen fixed, L to the volume (liter)
and T to the incubation time. APN is the 15N atom % enrichment
of the particulate nitrogen (PN) pool as measured by IRMS, at
the beginning (t0) and end (tf) of an incubation period; AN2

is the 15N atom % enrichment of the dissolved N2 gas in the
incubated seawater; [PN] is the concentration of PN at the end
of the incubation [if (PN) is stable over the incubation time; if
(PN) varies significantly overtime, an average of initial and final
(PN) values is recommended for calculations, see (Montoya et al.,
1996)]; and 1t is the duration of the incubation. The values of
all the terms in Equation (1) are measured empirically with the
exception of AN2. The latter term is theoretically calculated based
on the volume of 15N2 injected and the initial concentration of N2

dissolved in seawater based on its temperature and salinity and
the N2 solubility equations of Weiss (1970) which have recently
been revised by Hamme and Emerson (2004). This theoretical
calculation assumes that isotopic equilibration of the 15N2 bubble
with the dissolved N2 already present in the incubation bottle is
rapid and complete relative to the incubation period. Simplemass
balance tracer equations assume a constant isotope enrichment of
the source pool over the duration of the incubation (Fry, 2006) an
assumption violated if equilibration of 15N2 with seawater is slow
or incomplete during the experimental incubation.

Recently, Mohr et al. (2010) reported experimental evidence
for a time lag in 15N2 equilibration with the surrounding
seawater of up to 24 h, depending on a number of factors
such as incubation bottle size, volume of 15N2 injected, bottle
shaking, and incubation temperature. Amongst other things, an
observed mismatch between 15N2 fixation rates and biomass-
specific growth rates motivated Mohr et al. (2010) to re-evaluate
the 15N2 bubble method introduced by Montoya et al. (1996).
Mohr et al. (2010) proposed a new experimental procedure
involving preparation of seawater enriched with 15N2, which
provides a near instantaneous enrichment of the dissolved pool
of N2 in an incubation bottle. This “enriched water” approach
resulted in a 2–6 fold increase of measured N2 fixation rates
in comparison to the 15N2 “bubble” method (Großkopf et al.,
2012; Wilson et al., 2012). To the best of our knowledge, only
a few comparisons of the two methods have been published up
to date (11 studies) with only two studies including time series
observations (Mohr et al., 2010; Klawonn et al., 2015).

There are several reasons why the bubble method may
underestimate true N2 fixation rates: (1) temperature (high

temperatures inhibit dissolution of gases), (2) the volume of 15N2

gas injected, (3) the duration of the incubation, (4) the time at
which the incubation starts relative to the onset of 15N2 fixation,
and (5) possible DOM coating of the 15N2 bubble (Mohr et al.,
2010; Klawonn et al., 2015). The enriched water method on the
other hand, also seems to be impacted by the mode of incubation,
i.e., incubation on deck vs. an in situ array (Wilson et al., 2012).

Adding to these factors, Großkopf et al. (2012) reported
that underestimates of N2 fixation rate are lower when the
community is dominated by colonial cyanobacteria of the
genus Trichodesmium and higher when diazotrophs other
than Trichodesmium predominate (e.g., symbionts, unicellular
cyanobacteria, and non-cyanobacterial diazotrophs). All these
factors vary widely among published works, making a global
recalculation of N2 fixation very difficult (Großkopf et al., 2012).
On the other hand, a number of authors have not found
significant differences between the two methods (Mulholland
et al., 2012; Shiozaki et al., 2015, not published personnel
communication: Berman-Frank et al., Montoya et. al., Benavides
and Wannicke et al., -the latter added as unpublished data set
to the meta analysis-). Moreover, using 15N2 enriched water has
a number of drawbacks, including the potential introduction
of unwanted dissolved constituents (nutrients, dissolved organic
matter or trace metals; Klawonn et al., 2015) and the preparation
of the labeled water, which is laborious compared to the injection
of a gas bubble into an incubation bottle. Degassing of seawater
might also alter seawater chemistry in undesirable ways (e.g.,
by altering dissolved inorganic carbon concentrations or pH),
and the overall extent of the degassing affects the final 15N2

enrichment of dissolved N2 dissolution (Klawonn et al., 2015).
The aim of this study is twofold. Firstly, we used a laboratory

experiment to determine the equilibrium time of 15N2 in
Seawater from the Baltic Sea and used these numbers for an error
calculation. By doing so, we tried to generate a measure for the
underestimation of 15N2 fixation rates when using the bubble
method.

Secondly, we applied a meta- analytical approach to evaluate
results from published papers comparing both methods.
Variability and heterogeneity of published 15N2 fixation rates
were estimated for different incubation times and a mean effect
size over all studies was calculated. Finally, considerations are
given for the bubble method and its use in future studies.

MATERIALS AND METHODS

Laboratory Experiment and Error

Calculation
Dissolution of 15N2 in Brackish Seawater
We tested the equilibration of 15N2 with filtered seawater
empirically using both the 15N2 bubble method (Montoya et al.,
1996) and the enriched water method (Mohr et al., 2010).
The seawater used in these experiments was collected from
the Baltic Sea at the pier off Heiligendamm (54◦ 8.55′ N, 11◦

50.6′ E, salinity of 14) and filtered through 0.2µm cellulose
acetate membranes (Sartorius) using a peristaltic pump. For the
bubble method, filtered seawater was then transferred to 1 L
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polycarbonate Nalgene R©bottles fitted with septum caps, taking
care to eliminate all headspace from the filled bottles. We then
added 1ml 15N2 gas (98%, Campro Scientific lot # EB1169V) by
direct injection through the septum with overpressure released
via a cannula. Bottles were gently mixed for 5min.

We followed the protocol of Mohr et al. (2010) to test
the enriched water method using degassed seawater. In brief,
degassed seawater was prepared using vacuum in a 1.7 × 5.5
MiniModule (3M Liqui cel) attached to a peristaltic pump
(TP4000 E—Economic, Thölen, Germany 950 mbar). We
assessed the efficiency of degassing by determining dissolved O2

concentrations in the degassed water by Winkler titration until
O2 concentration were below the detection limit. Thereupon, 1.1
liter of degassed water was transferred to a Tedlar bag (Dupont,
USA), flushed with helium to ensure absence of air inside the
bags to which 11mL of 15N2 gas (98%, Campro Scientific lot #
EB1169V) was added. The bag was agitated for 5min (in which
the bubble did not disappear) at room temperature. 50mL of the
enriched water was added to each 1.1L incubation bottle filled air
free with Baltic Sea water.

All bottles were incubated at 15◦C on a horizontal shaker
(10 rpm, IKA HS 501, USA) located in a walk- in incubator.
Incubations were carried out in triplicate and lasted for 24 h.
Replicate sets of bottles were sampled immediately (t = 0 h) and
at 1, 2, 4, 8, 12, and 24 h after addition of 15N2 for analysis of
the 15N atom% enrichment of dissolved N2, for which duplicate
sub-samples from each bottle were transferred headspace-free
into 12mL exetainers. Crimp-sealed exetainers were stored in
the dark at 4◦C for up to 3 days. The 15N atom % enrichment
of dissolved N2 was analyzed by measuring the abundance
and concentration of masses 29N2 and 30N2 using a manual
method similar to the automated gas chromatography-isotope
ratio mass spectrometry approach described in Holtappels et al.
(2011). In brief, water samples were taken from sealed exetainers
with a gas tight glass syringe and a subsample was injected
on-column on a 2m stainless steel packed Porapak Q column
(Supelco) with a constant flow of He carrier. Water was removed
from the sample cryogenically (liquid nitrogen) and oxygen was
removed by passage through a column packed with copper wire
heated to 650◦C. After purification, the N2 was introduced to
a mass spectrometer through an open split interface (Conflo
IV, Thermo Scientific) and analyzed on a Delta V Advantage
(Thermo Scientific). After every 5th sample air a standard was
introduced.

We calculated dissolved 15N2 concentrations according to
Dalsgaard and Thamdrup (2002). Results of the bubble method
were taken as a basis for error estimation as described below.

Error Estimate for the Bubble Method During Isotopic

Equilibration
We performed an error estimation to theoretically quantify the
% difference in measured 15N2 fixation rate considering an
increasing time lag (Ti) between

15N2 tracer addition and the
beginning of diazotrophic 15N2 fixation and the duration of
fixation (Tf). The error was estimated relative to instantaneous
isotopic equilibration of 15N2 gas upon bubble injection.

This estimate is relevant in case of time delay between addition
of the 15N2 tracer and the active beginning of diazotrophic 15N2

fixation and also applies for diazotrophs fixing continuously.
Consider a seawater sample with an initial stable isotope

composition of dissolved N2, Ni = δ
15Ni. For natural systems,

this initial value will be very close to the global natural abundance
of 0.366 at% 15N. Into this sample, 15N2 gas is injected and after
a period of time (typically a couple of hours), the system reaches
its equilibrium isotopic composition, Ne = δ

15Neq. The temporal
development (Figure 1) of the 15N enrichment in the dissolved
N2 pool is:

δ15N (t) = Ni + 1N(1− e−bt) (2)

where 1N = Ne−Ni is the difference between the equilibrium
and initial isotopic compositions and b is an equilibration
parameter with units of inverse time. The injection of 15N2 gas
has the consequence that Ne > Ni and 1N > 0.

For t → ∞, the equilibrium isotopic composition is reached
and Ne = Ni + 1N. A general assumption of the bubble
method is that fixation occurs with the dissolved N2 pool at
isotopic equilibrium. Any fixation that occurs before the system
reaches equilibrium will contribute to error (underestimate) in
the calculated rate, which is inversely proportional to δ

15N2. The
simplest way to estimate the error is the integration of Equation 6
over the duration of fixation. Equation (2) can be rearranged to:

δ15N(t) = Ne − 1Ne−bt (3)

which allows us to separate our experimental period into phases
before and after the system reaches equilibrium. Following

FIGURE 1 | Dissolution kinetics observed in this study for the bubble ( ) and

enriched water methods ( ) over 24 h. Data fit for the bubble method ( )

was done using y = 7.81 [1–exp (−0.706 t)], (R2 = 0.766, p < 0.0001). For

the enriched water method, the mean substrate enrichment and associated

95% confidence interval are shown ( ).
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addition of 15N2 to an incubation bottle, the mean δ
15N of the

dissolved N2 will increase and the average enrichment of the 15N2

pool from the start of N2-fixation to any time, t will be:

〈

δ15N
〉

=

1

Tf



Ne

Tf+Tiw

Ti

dt − 1N

Tf+Tiw

Ti

e−btdt



 (4)

where the phase lag Ti is the difference in time between gas
injection and the start of fixation, while Tf is the duration of
N2-fixation. For Ti = 0, the mixing of injected gas and the start
of fixation are synchronized, as in the case of a diazotroph that
fixes N2 continuously through the day. Integration of Equation
(4) yields an expression for the mean δ

15N2 during the period of
active N2-fixation Tf :

〈

δ15N
〉

= Ne +
1N

bTf

[

e−b(Tf+Ti)
− e−bTi

]

(5)

In Equation (5) the mean δ
15N2 value can be expressed as

equilibrium composition and an error, ε, which represents the
underestimation of the N2-fixation rate:

〈

δ15N
〉

= δ15Neq − ε (6)

and the relative percent error, R, is then simply:

R(%) = 100 ∗
ε

δ15Neq
(7)

Fitting Equation (7) to the observations (Figure 1) results in Ni
= 0 atom%, Ne= 7.8 atom%, 1 N= 7.8 atom%, b= 0.71 h−1.

Meta-Analysis
We obtained data for meta-analysis from published and
unpublished sources (Supplementary Table 1). We conducted
literature searches using ISI Web of Science and by personal
communication. Data selection continued until September 2016.
The studies included in our assessment all included a direct
comparison of the enriched water and bubble methods with
common samples. In all, 13 studies met the requirements for
inclusion (n = 368 observations) along with two unpublished
data sets (Supplementary Table 1, Supplementary Figure 1).
15N2 fixation rates were either provided personally by authors,
retrieved from tables published in supplemental material or
manually digitized from figures in the published studies using the
software WebPlotDigitizer (version 3.10) (Ankit Rohatgi, http://
arohatgi.info/WebPlotDigitizer/).

Before performing the meta-analysis, we determined the
statistical dispersion and variability within the bubble and
enriched water data sets. We calculated the mean absolute
deviation (MAD) of each data set as follows:

MAD =

1

n

n
∑

i=1

|xi −
−

x | (8)

where n is the number of observations and
−

x is the mean of the
individual observations xi.

Meta-analysis and meta-regression were conducted with
R 3.1.2 using the “metafor” package (Viechtbauer, 2010),
metafor package of R [http://www.metafor-project.org/], R
Development Core Team 2013). To assess the two methods,
we used the logarithmically transformed response ratio (Hedges
et al., 1999), lnRR, where RR is the ratio of rates (R)
measured with the enriched water and bubble methods
(RR = Renrichedwater:Rbubble), or the effect size of individual
experiments), as well as the corresponding pooled standard
deviation. All lnRR values were weighted by the reciprocal
of their sampling variance, followed by a random effects
model to compute the overall mean effect size, which is
equivalent to Cohen’s d parameter (Cohen, 1977). The random
effects model, based on the DerSimonian-Laird estimator
(DerSimonian and Laird, 1986) calculates the between-study
variance (σ2) and weights each study by the inverse sum of the
individual study variance (νi) and the between- study variance.
Mean effect sizes (i.e., Cohen’s d) were statistically significant
different if their 95% confidence intervals did not overlap
zero.

Apart from calculating the mean effect sizes for all 13 studies
and 368 observations, we also divided observations into two
groups: short incubation time (0–12 h) and long incubation
times (24 h). For short incubation times three data sets were
available (Mohr et al., 2010; Klawonn et al., 2015; Benavides and
Wannicke et al., unpubl.,). Unfortunately, the experiments of
Mohr et al. (2010) and Klawonn et al. (2015) lacked replication
from single time points. To be able to include this data set in
our meta-analysis, we pooled values collected at t = 0 to 12 h.
Results from these publications for t = 24 h had to be omitted
from the meta-analysis due to lack of replication. Furthermore,
we added a subgroup analysis for each meta-analysis to
determine mean effect sizes excluding unpublished data
sets.

To explore heterogeneity in the meta-analysis, we calculated
Cochrane Q-tests for heterogeneity (Cochran, 1954). A
significant Q-statistic (p-value of <0.1) indicates that there

is heterogeneity within the mean effect size and a greater

variance among individual effect sizes than expected by sampling
error. We furthermore, examined the sensitivity of the meta-

analysis by examining publication bias (the probability that

statistically significant (p < 0.05) results are more likely to
be published than non-statistically significant results) using a

contour-enhanced funnel plot (Peters et al., 2008; Supplementary
Figure 2). The funnel plot represents a scatter plot of the

effect estimates from individual studies against the standard

error of the effect estimate. Specifically, a contour-enhanced

funnel plots display the area of statistical significance on

a funnel plot (Peters et al., 2008) to improve the correct

identification of the presence or absence of publication bias.

Publication bias would be expected when the usual funnel plot is

asymmetrical.
Random-effects meta-regression analysis using a linear

mixed-effects model was used to evaluate the association

between incubation time and the mean effect size of 15N2

fixation.
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For interpretation of the meta-analysis we converted Cohen’s
d value to Cohen’s U3 parameter (Cohen, 1977) to give a measure
of the degree of separation (i.e., % non-overlap) of data produced
by the bubble and enriched water methods according to:

U3 = 8(δ) (9)

where 8 is the cumulative distribution function of the standard
normal distribution, and δ is the population value of Cohen’s d.

In addition, we calculated the overlapping coefficient (OVL)
of data from the two methods by converting Cohen’s d using the
following formula (Reiser and Faraggi, 1999)

OVL = 28

(

− |δ|

2

)

(10)

where 8 is the cumulative distribution function of the standard
normal distribution, and δ the population Cohen’s d.

The probability of superiority (CL) (Ruscio and Mullen,
2012) i.e., probability that a sample picked at random from the
treatment group will have a higher score than a sample picked
at random from the control group, was calculated the following
(Ruscio, 2008)

CL = 8

(

δ
√

2

)

(11)

where 8 is the cumulative distribution function of the standard
normal distribution, and δ the population Cohen’s d.

RESULTS

Experimental Dissolution of 15N2 in

Brackish Seawater
Dissolution of 15N2 gas according to Montoya et al. (1996)
resulted in a maximum 15N atom% enrichment of 9.1 % (mean
value for 24 h of incubation, Figure 1). Fitting of data resulted
in an atom% enrichment of 7.8% (solid line, Figure 1). The
time to reach 50% of the maximum 15N atom% enrichment was
1.7 h and the shift from an exponential rise in dissolved 15N
enrichment to a plateau with onlyminimal changes in 15Natom%
enrichment (>60% of maximum) occurred after 4 h. After 8 h,
90% of 15N atom% equilibration was reached. Injection of water
pre-enriched with 15N2 gas according to Mohr et al. (2010)
resulted in a stable 15N atom% enrichment over 24 h with a mean
value of 7.5± 0. 9% (Figure 1).

Error Estimate for the Bubble Method

During Isotopic Equilibration
When using the bubble method, the rate of 15N2 fixation will
be systematically underestimated during the equilibration phase
of 15N2 gas with the dissolved pool of N2 (Figure 2A). The
overall magnitude of the underestimate during an incubation
will depend on the length of the incubation and the timing and
duration of 15N2 fixation activity during the incubation period
(Figure 2B), which in turn will reflect the nature (light depended
or light independent) of the diazotrophic community present.
The maximum error of −72% occurs when the time lag between

FIGURE 2 | (A) Percentage error according to Equation (7) in relation to phase

lag Ti (time lag between gas injection and start of 15N2 fixation by diazotrophs)

and to Tf (length of active fixation period). The contour interval is 5%. In

addition the −0.5% (dashed) and the −0.1% (dotted) line are added. Red dot

= error of −72% (Ti = 0 h, Tf = 1 h), Green square = error of −0.2% (Ti = 6 h,

Tf = 12 h), blue diamond = error of −12% (Ti = 0 h, Tf = 12 h). (B) Schematic

representation of an experiment reflecting conditions of an error of −0.2% of

the bubble method as presented in (A) (Green square). Here, active light

depended 15N2 fixation (solid green line) occurs over a 12 h period (Tf ). The

time lag (Ti) between
15N2 gas injection and beginning of diazotrophic 15N2

fixation is 6 h. Fitted data from experimental dissolution of 15N2 is also shown

(black line, see also Figure 1).

gas injection and start of the 15N2 fixation is zero (Ti = 0 h)
and the duration of 15N2 fixation is 1 h (Tf = 1 h, red dot in
Figure 2A). In contrast, a 12 h period of active fixation beginning
6 h after the injection of 15N2 gas will result in an error of−0.2%
(green square in Figure 2A, green solid line in Figure 2B, Ti =

6 h and Tf = 12 h).
When organisms are able to fix N2 continuously, the error

would be −12% (blue diamond in Figure 2A, Ti = 0 h and Tf

= 12 h) over a 12 h incubation and −6% over a 24 h incubation
(Ti = 0 h and Tf = 24 h).
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Meta-Analysis
Variability among the replicates of individual studies was quite
large as indicated by the standard deviation for the single studies
andMAD of the twomethods applied (Figure 3). Specifically, the
MAD for the enriched watermethod is 7 and theMAD for bubble
method is 5.

To determine a mean effect size (i.e., Cohen’s d), we firstly
resolved the response ratio (lnRR) of N2 fixation for each study
(Figure 4A). Subsequently, we calculated the overall mean effect
size across all studies which resulted in a significant Cohen’s d
of 0.406 ± 0.110, (p < 0.001; Figure 4B). The mean effect size
of ∼0.4, detected in our analysis suggests that for a method
comparison, 65 % of measurements from the enriched water
group will be above the mean of the bubble group (Cohen’s U3,
for subgroup analysis 73%) and that 84% of the measurements in
the two groups will overlap (subgroup analysis 76%). In addition,
there is a 61% chance that a sample picked at random from
the enriched water group will have a higher value than one
picked at random from the bubble group (subgroup analysis
66%).

A subgroup analysis excluding the unpublished data sets
revealed a significant mean effect size of 0.631 ± 0.125 (p <

0.001).
We also performed ameta-regression to evaluate the influence

of time on the overall mean effect size. No significant impact was
detected (data not shown). Moreover, we checked for publication
bias, which is expected when scatter of data in the funnel
plot is asymmetric. In our analysis, assessment of the contour-
enhanced funnel plot indicates an asymmetrical scatter of data
and potential publication bias introduced by a lack of non-
significant studies (Supplementary Figure 2).

We furthermore, did separate meta- analysis for observations
with short incubation times (0–12 h) and long incubation times
(24 h only, Supplementary Figures 3A,B). The overall mean
effect size of the three studies with short incubation time was
not significant with a Cohen’s d of 0.057 ± 0.188, (p > 0.1)
(Supplementary Figure 3A). Excluding the unpublished data set
of Benavides and Wannicke et al., revealed a non-significant
mean effect size of 0.557 ± 0.382 (p > 0.1). Furthermore, the
meta- analysis for long incubation times of 24 h resulted in a
Cohen’s d of 0.406 ± 0.101 (p < 0.001) (Supplementary Figure
3B). Excluding unpublished studies resulted in a mean effect size
of 0.68± 0.136 (p < 0.001).

We found no significant correlations with ocean province or
temperature in exploring which factors might influence the mean
effect size (data not shown).

DISCUSSION

We combined a theoretical examination of the error associated
with the equilibration time of the bubble of 15N2 gas and a
meta-analysis of published and unpublished sets of N2-fixation
measurements comparing both methods. Our findings allows us
to detect mean differences in rate estimates and provide critical
insight into the strengths and weaknesses of the two experimental
approaches.

Error Estimation of Bubble Method
Our error estimation of the bubble method during a 24 h
experiment reveals a negligible error of −0.2% assuming a
diazotroph community that fixes only during 12 h daytime and
starting of nitrogen fixation 6 h after the injection of 15N2 gas
i.e., the addition was done 6 h before sunrise. Considering that
the error introduced by using a gas-tight syringe to inject 15N2

gas of ±1% (according to the manufacturer, Hamilton USA),
the error introduced by using bubble injection is insignificant.
The error introduced by using the bubble method will increase
to −6% when diazotrophs fix continuously over 24 h (assuming
there is no time lag between bubble injection and start of
active fixation). Overall, it is important to adjust incubation
times relative to the onset of active N2 fixation (which is in
turn is depended on the dominating diazotrophs present), as
has been indicated before (Mohr et al., 2010; Wilson et al.,
2012).

Meta-Analytical Comparison of the

Enriched Water and Bubble Method
Statistical dispersion, as represented by the MAD from the mean
value, appears to be higher in the data set based on the enriched
water method (mean MAD of all studies 7) than in the data set of
studies that used the bubble method (meanMAD of all studies 5).
That is, measured N2 fixation rates appear to be more consistent
when determined using the bubble method. A larger dispersion
of data in experiments using the enriched water method might
be introduced in by the process of preparing the enriched water
for later usage, i.e., degassing water of different volumes and
varying accuracy of degassing. In addition, Wilson et al.(2012)
presented evidence for a dispersion of data in experiments
using the enriched water method, which was connected to
abiotic factors influencing the incubation itself. They noted an
interesting contrast between the two methods when comparing
samples incubated at sea using either an in situ array or shipboard
incubators. Specifically, they found that the enriched water
method produced depth-integrated N2-fixation estimates that
were 30% greater when samples were incubated aboard ship
in deck incubators than when incubated on an in situ array.
In contrast, depth-integrated rates measured using the bubble
method were not significantly different between incubations
carried out on deck and on an in situ array. The 30 % difference
among replicates of the enriched water method also overlaps with
the divergence of the enrichedwater and bubblemethods referred
to by Mohr et al. (2010) andWilson et al. (2012) in their methods
assessments.

Our meta- analysis revealed a large congruence in the
estimates of 15N2 fixation rate produced using the two
experimental methods. The 84% overlap of rate estimates make
it very difficult at this stage to estimate any sort of a global
factor to quantify the degree of underestimation of 15N2 fixation
rates when using the bubble method. Our literature review
moreover revealed that a thorough comparison over a 24-h
cycle is needed with only three studies on sort incubation times
of 0–12 h. A larger comparative analysis is clearly necessary
especially in view of the elevated dispersion (i.e., larger MAD)
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FIGURE 3 | Mean value and standard deviation for N2 fixation (different units) (A) and mean absolute deviation (MAD) (B) for enriched water method (black symbols)

and bubble method (gray symbols) of the different studies considered in the meta- analysis. Note the different scales and different units for studies indicated by the

second right-handed ordinate (units are given next to the authors name in the abscissae).

of 15N2 fixation rates measured using the enriched water
method.

As Großkopf et al. (2012) have pointed out, there is an

indication for a species-specific potential for underestimation

of N2 fixation rates using the bubble method, especially
when buoyant diazotrophs are presented. Thus, in habitats
dominated by filamentous species like Trichodesmium or
Nodularia, underestimation seems to be less severe compared
to habitats dominated by unicellular species (UCYN, e.g., Zehr
et al., 1998), as well as non-diazotrophic Bacteria and Archaea
(e.g., Riemann et al., 2010). In the latter, incubation times
have to be adjusted to the equilibration time of 15N2 when
using the bubble method. Alternatively, as proposed in the
sub-chapter below (see “Experimental Recommendations”) the
determination of the final 15N2 (i.e., substrate) enrichment in the

incubation bottle enables a concerted calculation of N2 fixation
rates.

Dealing With Unpublished Data-Sets
In our analysis, we have included two data sets that are
currently unpublished (Benavides and Wannicke et al., Fabian
et al., Supplementary Table 1). The literature dealing with
the inclusion of unpublished data in meta-analysis clearly
recommends inclusion of this sort of “gray literature“ (e.g., Cook
et al., 1993; McAuley et al., 2000). Exclusion from meta-analysis
can lead to exaggerated overestimation of treatment effects (e.g.,
Cook et al., 1993; McAuley et al., 2000). This is also reflected in
our analysis of funnel plot symmetry, where studies displaying no
significant effect (Cohen’s d of∼ 0) are under-represented and/or
missing in our analysis. Overall, publication bias is the greatest
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FIGURE 4 | (A) Response ratios (lnRR) of the bubble vs. dissolved enriched

water method to detect 15N2 fixation and corresponding standard error for the

different studies and incubation time intervals. (B) Forest plot of lnRR and

mean effect size (i.e. RE Model) of enriched water vs. bubble method for all

incubation times. Left panel indicates authors and incubation time interval.

Middle panel denotes each study represented by a filled square and horizontal

line (symbol size represents corresponding weighted lnRR, line represents

95% confidence interval). Right panel provides weighted lnRR and 95%

confidence interval. Studies with confidence intervals that intersect the vertical

line of unity (lnRR = 0) indicate no difference between the enriched water and

bubble method. Heterogeneity of the meta-analysis is indicated by QM(df =

20) = 28.99, p = 0.0878.

threat to the validity of meta-analysis, because combining only
the identified published studies uncritically, may lead to an
incorrect, unusually one sided, conclusion.

General Experimental Considerations for

Future Nitrogen Fixation Measurements
A number of experimental factors have a strong influence
on the precision and accuracy of the determination of N2-
fixation rates. Firstly, the sensitivity of any experiment using
15N2 depends on the amount of tracer added to the dissolved
pool of N2. For example, addition of 1mL of 15N2 per liter
of sample will produce an equilibrium enrichment of ∼5–10
atom% 15N, depending on the size of the ambient pool of
N2. In contrast, the procedure proposed by Großkopf et al.
(2012) results in an enrichment of only 2 atom%. Since N2

availability does not limit N2-fixation activity, greater additions
may easily be realized to increase the substrate labeling, thereby
increasing the sensitivity of the rate measurement. This is
especially important in systems where rates are expected to
be low, for example in aphotic deep waters. In general, we
recommend adding sufficient 15N2 to raise the 15N content of
the dissolved N2 pool to 9–10 at% as noted by Montoya et al.
(1996).

Secondly, the natural variability of δ
15N of the particulate

nitrogen (PN) pool sets a lower limit to rate measurements.
If the variability in δ

15N of PN is high at the start of the
incubation (t0) and the final increase in δ

15N values of the
PN in the incubation bottles is low due to low N2 fixation
rates, then N2-fixation activity may not be detectable. For
example, Wasmund et al. (2015) have nicely explored this issue,
discussing 15N2 fixation rate measurements in the Benguela
upwelling region where they compared initial (t0) and final δ15N
measurements of samples incubated with 15N2. The mean values
of the two batches of filters differed only by 0.9‰, leading
Wasmund et al. (2015) to conclude that 15N2 fixation rates were
too low to resolve with the tracer method. Nowadays, mass
spectrometers clearly perform analytical precisions of 0.2‰ and
better. Therefore, the detection limit of enriched PN is well
below 4‰, as original proposed in the paper by Montoya et al.
(1996).

Finally, the two experimental approaches differ fundamentally
in the degree and nature of experimental manipulation of
the sample. The bubble method involves minimal handling
(a thourough mixing of water and gas bubble after injection
has to be guaranteed, by using e.g., a continuously rotating)
and perturbation of the system, but can lead to a systematic
underestimate of N2-fixation rate if a significant fraction of the
overall activity during the experiment occurs during the isotopic
equilibration phase. In contrast, the enriched water method
requires extensive processing in advance to prepare the 15N2-
labeled water used to inject tracer into the experimental bottle
as described by Klawonn et al. (2015) and Mulholland et al.
(2012). Ideally, the enriched water should be obtained from the
same location and depth as the experimental sample, which
imposes a significant cost in time and handling while setting
up the experiment, with the added risk of contamination with
ammonium, DON, or other dissolved species during handling.
If the enriched water is prepared in advance from artificial
seawater or water obtained at a different station, it represents
an addition of alien water and dissolved species and should
be minimized in volume to less than a few percent of the
bottle volume. The potential for contamination and the degree
to which the addition of enriched water may affect estimates
of N2 fixation rates are very difficult to constrain but can
clearly compromise the reliability of the final rate estimates.
Another approach using the bubble addition followed by the
removal of the bubble after only few hours and retrieval of a
subsample for determination of 15N2 atom% enrichment requires
the tedious determination of the 15N2 atom% enrichment for
each incubation bottle (Jayakumar et al., 2017). Although this
approach is easy to handle, it requires efficient handling and
subsequent stable isotope analysis.
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Our dissolution experiments investigating the isotopic
equilibration in seawater along with the theoretical error
calculation both suggest that incubation times longer than about
6 h are minimally affected by the equilibration of the added
15N2 gas and the dissolved pool of N2 in the experimental
bottle (Figures 3A, 4A). In practical terms, 24 h incubations are
frequently recommended and used because these experiments
integrate over a full day/night cycle.

A final recommendation to improve the accuracy of N2

fixation measurements and potentially help resolve the source
of variability among replicates is collection and preservation of
a water sample from each experimental bottle for determination
of the final 15N2 (i.e., substrate) enrichment. This would improve
the accuracy of the enriched water, as well as the bubble method,
both of which typically rely on solubility calculations to estimate
the size of the ambient pool of N2, which in turn determines the
actual 15N2 enrichment of the dissolved pool.
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The biological fixation of dinitrogen (N2) by marine prokaryotes called diazotrophs is the major
source of nitrogen to the ocean, estimated at ∼106–120 Tg N y−1 (Gruber, 2004; Gruber
and Galloway, 2008). This process contributes importantly to sustain primary production and
maintain the global nitrogen inventory. The nitrogen reservoir is further controlled by fixed
nitrogen loss processes including sediment burial, denitrification, and anammox (Falkowski, 1997),
which exceed fixed nitrogen gains through N2 fixation, leading to an imbalanced global nitrogen
budget (Codispoti et al., 2001; Codispoti, 2007; Eugster and Gruber, 2012). Since the early 1970s,
diazotrophic activity has been attributed to autotrophic cyanobacteria constrained to the sunlit
and oligotrophic layer of the tropical and subtropical oceans (Zehr, 2011). Yet substantial evidence
indicates a high diversity and wide distribution of non-cyanobacterial diazotrophs (bacteria and
archaea) in the oceans (Zehr et al., 1998, 2000; Farnelid et al., 2011; Bombar et al., 2016; Moisander
et al., 2017). These diazotrophs are potentially not constrained by light as are their cyanobacterial
counterparts, and have been detected in wide-ranging environments such as nutrient-rich, cold,
and/or dark ecosystems including coastal upwelling regions (Sohm et al., 2011), temperate coastal
zones (Bentzon-Tilia et al., 2015), and the deep ocean (Hewson et al., 2007; Hamersley et al., 2011).

Stretching the environmental boundaries, beyond those traditionally thought to constrain N2
fixation, will likely impact current estimates of nitrogen input to the global ocean. Extending the
latitudinal limits from the tropics and subtropics to temperate waters would already represent a
considerable increase in the potentially active N2 fixation area, but spreading this area vertically
to the mesopelagic (200–1,000m) and bathypelagic (1,000–4,000m) ocean would be immense.
Aphotic N2 fixation rates are usually low when compared to surface activity (<1 nmol N L−1 d−1;
see Table 1 in Moisander et al., 2017) but the volume of the deep ocean is enormous. Consequently,
studies comprising both photic and aphotic N2 fixation measurements report depth-integrated
aphotic rates representing 40–95% of the whole water column activity (Bonnet et al., 2013; Rahav
et al., 2013; Benavides et al., 2015). Hence, aphotic fixation can account for a significant or even
predominant fraction of water column N2 fixation.

With the mere purpose of illustrating the potential budgetary relevance of the aphotic N2

fixation to the global fixed nitrogen input, a back-of-the-envelope calculation can be carried out.
If we consider a scenario for the mesopelagic zone (where the great majority of published aphotic
N2 fixation measurements were obtained from): taking the lower-end range of aphotic N2 fixation
rates available in the literature (0.01–0.1 nmol N L−1 d−1; Table 1 in Moisander et al., 2017), and
the estimated volume of the mesopelagic zone (2.63× 1017 m3; Arístegui et al., 2005), mesopelagic
N2 fixation would range between 13 and 134 Tg N y−1. Fixed nitrogen inputs to the ocean
include fluvial inputs, atmospheric deposition and biological N2 fixation, which add up to 187–279
TgN y−1 (Table 1). Combining denitrification (including sediment burial) and anammox, fixed
nitrogen losses add up to 260–475 Tg N y−1 (Table 1). Adding mesopelagic N2 fixation to fixed
nitrogen inputs and subtracting losses from gains, we obtain differences ranging from a loss of 183
to a surplus of 114 Tg N y−1 (Table 1). Despite this extrapolation may be questionable given that
data on aphotic N2 fixation are so sparse that the spatial distribution of mesopelagic N2 fixation is
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TABLE 1 | Global nitrogen budgets and their variability when considering aphotic N2 fixation.

Codispoti et al., 2001 Galloway et al., 2004 Gruber, 2008 Jickells et al., 2017

SOURCES

Pelagic photic N2 fixation 117 106 120 164

River inputs (DON+PON) 76 48 80 34

Atmospheric deposition 86 33 50 39

Mesopelagic N2 fixation 13 to 134 13 to 134 13 to 134 13 to 134

Total sources without considering aphotic N2 fixation 279 187 250 237

Total sources considering aphotic N2 fixation* 292 to 413 200 to 321 263 to 384 250 to 371

SINKS

Benthic denitrification 300 206 180

Water column denitrification 150 116 65

Sediment burial 25 16 25

Total sinks 475 338 270 260

Balance without considering aphotic N2 fixation −196 −151 −20 −23

Balance considering aphotic N2 fixation −183 to −62 −138 to −17 −7 to 114 −10 to 111

All fluxes are expressed in Tg N y−1. *The range of aphotic N2 fixation rates considered is 13.45–134.45 Tg N y−1, see the main text.

unknown, it does illustrate that aphotic N2 fixation could be
important to global nitrogen budget considerations, and thus
deep N2 fixation should be further explored. Considering the
stock of fixed nitrogen in the mesopelagic zone (Gruber, 2008)
and the range of mesopelagic N2 fixation rates estimated here
(i.e., 13–134 Tg N y−1), N2 fixed and eventually remineralized
to nitrate in the mesopelagic zone would turn over in 4 to 43 y.

The currently available dataset (Table 1 from Moisander
et al., 2017, this issue) lacks robustness because (i) the number
of measurements is limited and geographically sparse, and
(ii) methodological difficulties are entailed in the detection of
low N2 fixation rates. While aphotic N2 fixation has been
consistently reported in several tropical and temperate waters
(Table 1; Moisander et al., 2017, this issue), it is unknown
whether it occurs homogeneously throughout the dark water
column or only in micro-niches where suitable conditions are
found. Such hospitable niches may comprise aggregates, or
organic matter accumulation zones like ecotones, fronts or water
mass boundaries (Benavides et al., 2015; Bombar et al., 2016).
Only a few studies have documented nifH gene expression
in aphotic waters (e.g., Jayakumar et al., 2012), and it is
debated whether reported abundances of non-cyanobacterial
diazotrophs can account for measured rates of N2 fixation
when considering published cell specific rates of cultivated
strains (Turk-Kubo et al., 2014; Bentzon-Tilia et al., 2015). This
introduces uncertainty to the reliability of measuring especially
low N2 fixation rates (Gradoville et al., 2017), and emphasizes the
need for continued refinement of the 15N2 incorporation method
(Moisander et al., 2017).

In this context, it is pertinent to consider the methodological
difficulties encompassed in the detection of low N2 fixation
rates using 15N2 as a tracer. The precision of N2 fixation rates
may be affected by (i) a slower than theoretically assumed
dissolution of the 15N2 bubble in seawater (Mohr et al., 2010;
Großkopf et al., 2012), (ii) the contamination of 15N2 gas

stocks with nitrogenous species other than N2 (Dabundo et al.,
2014), and (iii) failure to measure time zero δ

15N values of the
particulate nitrogen pool. As any other tracer method, 15N2-
based N2 fixation rates are subject to a number of other sources
of error, including variability in incubation and/or filtration
time among replicates, sample particle size and its retention
in filters varying with filter pore size (Bombar et al., 2018), as
well as heterogeneous distribution of particles in Niskin bottles
(Suter et al., 2017). Moreover, the vast majority of 15N2-based
published N2 fixation measurements report net rates, whereas
the leakage of 15N-labeled dissolved organic nitrogen and/or
ammonium can be significant in certain cases (e.g., Berthelot
et al., 2017).

Most of the compiled aphotic rates (Moisander et al.,
2017, this issue) were measured using the bubble method
(Montoya et al., 1996), and should be considered as minimum
estimates, despite the fact that they were performed in cold
waters (typically ∼10◦C), which enhances gas dissolution and
hence optimizes isotopic equilibrium in seawater samples
enriched with 15N2 gas. Moreover, the majority of the
studies i) used an isotope brand that provides high purity
15N2 gas, affecting aphotic N2 fixation rates by <1% when
15N-labeled nitrogen molecules other than N2 are taken up
(Benavides et al., 2015) and/or ii) provided time zero δ

15N
values of the particulate nitrogen pool at each sampling
depth, making their results robust (Bonnet et al., 2013;
Rahav et al., 2013; Benavides et al., 2015, 2016). Finally, the
variability between replicates in all terms included in the
N2 fixation calculation equation (as outlined in Montoya
et al., 1996) may throw back minimum quantifiable rates
values below estimated aphotic N2 fixation rates (Gradoville
et al., 2017). Propagating errors of the data (Birge, 1940),
in five out of the nine aphotic N2 fixation studies currently
available, results in minimum quantifiable rates ranging
from 0.01 to 2.7 nmol N L−1 d−1 (Table S1), suggesting
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that most of the aphotic N2 fixation rates published are
significant.

The potentially high budgetary significance of aphotic N2

fixation to the global nitrogen budget calls for further studies
that will establish the geographical and temporal distribution
of aphotic N2 fixation and consolidate the volumetric rates
published thus far. In future studies, we encourage researchers
in the field of marine nitrogen cycling to place emphasis on
documenting N2 fixation in the aphotic ocean and identifying
environmental drivers of aphotic N2 fixation: including oxygen,
dissolved organic matter availability and particle colonization
(Riemann et al., 2010; Benavides et al., 2015; Bombar et al., 2016).
The availability of more data is essential to facilitate modeling
and assessment of the distribution and magnitude of aphotic N2

fixation in the global ocean (i.e., association with water masses,
ecotones or density fronts). Eventually, a more comprehensive
understanding of the ecophysiology of aphotic N2 fixers and their
contribution to global nitrogen input, will reveal their ecological
importance and may help answer such question as what are the
evolutionary advantages of the energetically-expensive process
of N2 fixation in an environment rich in dissolved inorganic
nitrogen, and how does it affect oceanic carbon sequestration.
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Fixed nitrogen (N) limits productivity across much of the low-latitude ocean. The
magnitude of its inventory results from the balance of N input and N loss, the latter largely
occurring in regionally well-defined low-oxygen waters and sediments (denitrification and
anammox). The rate and distribution of N input by biotic N2 fixation, the dominant N
source, is not well known. Here we compile N2 fixation estimates from experimental
measurements, tracer-based geochemical and modeling approaches, and discuss their
limitations and uncertainties. The lack of adequate experimental data coverage and the
insufficient understanding of the controls of marine N2 fixation result in high uncertainties,
which make the assessment of the current N-balance a challenge. We suggest that a
more comprehensive understanding of the environmental and ecological interaction of
marine N2 fixers is required to advance the field toward robust N2 fixation rates estimates
and predictions.

Keywords: marine N2 fixation, N-cycle balance, denitrification, marine productivity, marine heterotrophic
diazotrophy, nitrogen isotopes

INTRODUCTION

Marine N2 fixation, the largest source of fixed N to the ocean, maintains ocean fertility
by compensating for N-losses via denitrification. Global warming, likely inducing ocean
deoxygenation (Keeling et al., 2010), and increasing N load from the atmosphere and/or rivers, are
perturbing the N cycle leading to increasing N loss via denitrification on the one hand (Codispoti
et al., 2001; Codispoti, 2007) and to alterations of the niche of marine N2 fixers on the other
(Landolfi et al., 2017), with an unknown net effect on the N inventory. A prolonged mismatch
between N inputs and losses would cause changes to the oceanic fixed N inventory, potentially
affecting ocean productivity and ocean carbon (C) storage. Narrowing down the uncertainties in
current N2 fixation estimates is key to diagnosing any imbalance in the marine N budget and its
effect on the marine C budget.

N2 fixation can be inferred experimentally from incubation assays (Capone, 1993; Montoya
et al., 1996), and from its geochemical imprint on nutrient (Gruber and Sarmiento, 1997) and
stable N isotope distributions (Altabet, 2007). Geochemical estimates use the integrated N2
fixation signature over large scales of space and time, smoothing any small-scale variability
inherent in experimental N2 fixation measurements. Traditionally, geochemical (Gruber, 2004)
and experimental (Capone et al., 2005) estimates suggested highest N2 fixation rates in the
Tropical North Atlantic, remote from the region of largest pelagic N-loss in the Eastern Tropical
Pacific. Although such spatial separation was difficult to reconcile with paleo-oceanographic
evidence of a closely balanced N-cycle, considered to require tight stabilizing feedbacks between
N-loss and N2 fixation (Altabet, 2007), it was in line with the well-documented high energy and
iron requirements of diazotrophs (Kustka et al., 2003) that would restrict them to warm and
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iron-rich waters. This view has been challenged by a model-
based geochemical N2 fixation estimate suggesting prevailing
control by N deficits and close spatial coupling of N2 fixation
and N loss (Deutsch et al., 2007), and by new evidence
from molecular techniques demonstrating a wider diversity of
N2 fixers and N2 fixation strategies. This includes free-living
unicellular cyanobacteria (Zehr et al., 1998; Montoya et al.,
2004), cyanobacterial symbionts and heterotrophic phylotypes
(see Foster et al., 2011; Bombar et al., 2016; Caputo et al.,
2018), covering novel habitats such as aphotic waters (Bonnet
et al., 2013; Benavides et al., 2015, 2016, 2018) and oxygen
deficient zones (ODZs) (Fernandez et al., 2011; Jayakumar et al.,
2012; Bonnet et al., 2013; Löscher et al., 2014, 2016; Turk-
Kubo et al., 2014; Knapp et al., 2016). Recently, severe problems
in applying the N2 fixation assays came to light (Mohr et al.,
2010). Considering this new evidence, using a constant correction
factor of historical data, a doubling of N2 fixation has been
suggested (177 ± 8 Tg N y−1, Großkopf et al., 2012). Despite
the pace of new discoveries, global N2 fixation estimates remain
highly uncertain (Gruber, 2016). The incomplete knowledge of
the organisms involved and their physiological and ecological
controls prevent any robust prediction of their distribution
and activity. Here we present a brief overview of recent
work covering experimental, geochemical, and model-based N2
fixation estimates and discuss knowledge gaps. We suggest future
research strategies to reduce the current uncertainty.

EXPERIMENTAL ESTIMATES

The compilation of surface marine N2 fixation rate
measurements (MARine Ecosystem DATa) by Luo et al. (2012),
with more recent data from the North Pacific (Shiozaki et al.,
2015a,b, 2017), western Pacific (Bonnet et al., 2009, 2015, 2017,
2018; Shiozaki et al., 2013, 2014b; Berthelot et al., 2017), eastern
tropical South Pacific (Löscher et al., 2014, 2016; Knapp et al.,
2016), Indian Ocean (Shiozaki et al., 2014a), and the tropical
Atlantic (Großkopf et al., 2012; Singh et al., 2017), is presented
in Figure 1. The measurements reported are mostly from bulk
unfiltered upper ocean samples, including cyanobacteria and
potentially other diazotrophs. Although highly variable, the
highest depth-integrated N2 fixation rates are found in the
western tropical South Pacific (638 ± 1689 µmol N m−2 d−1,
201 profiles). These are larger than the traditionally high rates
in the subtropical North Atlantic (182 ± 479 µmol N m−2 d−1,
636 profiles) and North Pacific (118 ± 101 µmol N m−2 d−1,
272 profiles). In the phosphate-rich waters of the eastern South
Pacific average N2 fixation is 86 ± 99 µmol N m−2 d−1 (213
profiles). Low rates are found in the southern Indian Ocean
(<20 µmol N m−2 d−1, Shiozaki et al., 2014a), and in cold
Bering Sea waters (10 µmol N m−2 d−1, Shiozaki et al., 2017).
Based on the MAREDAT database, Luo et al. (2012) estimated
a global N2 fixation rate of 137 ± 9.2 Tg N y−1 (Table 1).
Global extrapolations are difficult as observations remain sparse
and highly variable in space and time (Figure 1). Only few
ocean regions have sufficient data coverage to assess spatial,
seasonal, or inter-annual variability (SD, Figure 1B). The large

standard deviation in the western tropical South Pacific suggests
a large spatio-temporal variability. The North Atlantic variability
appears related to the strong spatial and temporal gradients
of physical forcing and associated environmental factors (e.g.,
Mouriño-Carballido et al., 2011; Landolfi et al., 2016). The
variability in the North Pacific is mostly associated with seasonal
changes (Böttjer et al., 2016) and variable mesoscale activity (e.g.,
Church et al., 2009).

Experimental measurements have technical drawbacks. The
acetylene reduction assay (Capone, 1993), a proxy measurement
of both incorporated and exuded (gross) fixed N2, measures
the rate of ethylene production from added acetylene. Microbial
activity repression (Fulweiler et al., 2015), low sensitivity and
highly variable conversion factors for C2H4:N2 (Wilson et al.,
2012), limit the robustness of this technique. The more widely
(∼75% of the measurements) applied method involves adding
15N2 gas to a water sample and measuring the net incorporation
of 15N2 into plankton biomass after filtration (Montoya et al.,
1996). This method may result in significant underestimation of
N2 fixation rates if the added 15N2 gas is not equilibrated before
the start of the incubation (Mohr et al., 2010; Wilson et al., 2012;
Wannicke et al., 2018). The degree of underestimation is variable
and dependent on the experimental conditions (incubation
time, size of bottle, shaking vigor), making the correction of
historical data with a constant factor arbitrary. The 15N2 gas
stock contamination by 15NH4

+ or 15NOx, may result in N2
fixation overestimate (Dabundo et al., 2014). Fixation rates
may be underestimated if small cells (<2 µm) are lost during
filtration, particularly affecting rates where small diazotrophs
may dominate the N2-fixing community (Bombar et al., 2018).
Robust quantification of low rates is currently limited by the
low sensitivity and high potential errors of present methods
(Gradoville et al., 2017; Moisander et al., 2017). Inadequate
consideration of experimental biases must be warned against.
Community efforts are being made toward a consensus on
methods and protocols refinement1 for yielding more accurate
and comparable fixation rates.

GEOCHEMICAL ESTIMATES

Geochemical estimates of N2 fixation have been inferred
from excess NO3 with respect to the Redfield-equivalent
PO4 (the N∗ method), constructed from the high-quality
global nutrient surveys (e.g., JGOFS/WOCE; Conkright et al.,
2002), combined with information on ocean ventilation
ages derived from measurements of abiotic transient tracers
such as chlorofluorocarbons (CFCs). This method rests on
the assumption that nutrients’ departure from the global
average ratio of NO3:PO4 = 16:1 (RR, the Redfield ratio) is
due to N2 fixation adding (N:P > RR), and denitrification
removing (N:P < RR), nitrogen. This approach has
been used to compute North Atlantic N2 fixation rates
(Michaels et al., 1996; Gruber and Sarmiento, 1997; Hansell et al.,
2004, 2007; Kähler et al., 2010), and derive a global estimate of

1https://www.us-ocb.org/n-fixation-working-group/
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FIGURE 1 | 1 × 1 degree grid (A) average and (B) standard deviation (SD) of depth integrated N2 fixation rate (µmol N m−2 d−1) experimental measurements from
the MAREDAT database (Luo et al., 2012) and 800 additional data points (see text for details). Gray squares in SD plot indicate one-only data point. Data distribution
histogram is shown in the color bar. (C) Experimental (black)-, geochemical (blue)-, and model (red) -based estimated contribution (%) of the North Atlantic to global
N2 fixation rates. Models include those of the Coupled Model Intercomparison Project (CMIP5, see Table 1), a model with additional energetic costs of DOP uptake
(UVIC2.9-ESM, Landolfi et al., 2017) and amodel experiments of Landolfi et al. (2015) accounting for preferential phosphorus remineralization (PREF), P∗ and iron
limitation and DOP uptake without (P∗ and Fe and DOP), and with additional energetic and also N costs (P∗ and Fe and DOPcost).
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TABLE 1 | Experimental, geochemical, and ESM-based (1996–2005 average)
regional and global annual N2 fixation estimates (Tg N y−1).

Pacific Indian Atlantic Global

Source Tg N y−1 Tg N y−1 Tg N y−1 Tg N y−1

Luo et al., 2012 102 ± 20 – 34 ± 7 137 ± 9

Gruber and Sarmiento, l997 28 110 ± 40

Deutsch et al., 20071 95 22 20 137

CMIP5-MPI-ESM-LRa 132 32 38 213

CMIP5-GFDL-ESM2Gb 106 28 36 181

CMIP5-GFDL-ESM2Mb 75 30 40 154

CMIP5-CanESM2c 72 28 28 130

CMIP5-IPSL-CM52-LR2,d 54 14 16 89

CMIP5-CESMe 72 48 46 173

ESM-UVIC2.9f 73 31 24 128

1Estimate from the Standard model that includes DOP∗, which is 5% higher than
P∗-only estimate. Coupled Model Intercomparison Project (CMIP5) model output
has been retrieved from https://esgf-node.llnl.gov/projects/cmip5/. 2Estimated
from model C:N = 122:16. References a–f below list the model descriptions of
the respective biogeochemical modules. a Ilyina et al., 2013; bDunne et al., 2013;
cZahariev et al., 2008; dAumont et al., 2015; eMoore et al., 2013; and fLandolfi
et al., 2017.

110± 40 Tg N y−1 (Gruber and Sarmiento, 1997; Table 1). While
this method has the advantage of integrating over large scales of
space and time and implicitly includes potential contributions of
non-cyanobacterial N2 fixation, several potential shortcomings
have been discussed: Impacts of non-Redfield remineralization
of organic matter were addressed in Landolfi et al. (2008),
where we extended the inorganic N∗ concept to total nitrogen
excess, TNxs, to include organic nutrients. We found that for the
subtropical North Atlantic, N2 fixation rates estimated via TNxs
were approximately twice as high as those estimated by the N∗
method, but cautioned that other processes such as atmospheric
N deposition (Zamora et al., 2010) and non-Redfield uptake of
nutrients by phytoplankton (Mills and Arrigo, 2010; Weber and
Deutsch, 2012), can also affect regional patterns of oceanic N∗
and TNxs and thereby influence N2 fixation rate estimates. These
caveats also apply to the Pt

∗ method introduced by Deutsch
et al. (2007) that estimates N2 fixation from the consumption
of Pt

∗, which is defined as total excess P relative to the Redfield
N equivalent. In contrast to the classical N∗ tracer, but similar
to TNxs, Pt

∗ also accounts for organic nutrients. Deutsch et al.
(2007) estimated a global N2 fixation rate of 137 Tg N y−1

(i.e., about 25% higher than the N∗-based estimate), with a
very large contribution from surface waters in close proximity
to the largest ODZ in the eastern South Pacific and only a
small contribution from the Pt

∗-poor North Atlantic (Table 1).
The Pt

∗-based estimate contrasts with the prevailing view of
elevated N2 fixation rates in the North Atlantic, as indicated
both from N∗ and experimental evidence (Figure 1). Besides
the above mentioned non-Redfield processes other than N2
fixation errors in the rate estimates also arise from the assumed
ocean circulation that generally is not fully consistent with the
observed nutrient fields to which it is applied. While current-
generation global circulation models represent global-scale
patterns reasonably well, they have particular deficiencies in
reproducing low-oxygen regions (Cabré et al., 2015) and tracer

distributions in the tropical regions (Dietze and Löptien, 2013).
The refinement of global ocean GCMs is an on-going process.
However, improvements to the geochemical methods may be
limited given that the available nutrient distributions represent
composites of data from decad of observations from a turbulent
ocean, for which no underlying “mean” circulation may exist.
Errors may also stem from uncertainties in tracer-derived water
ages and age-based rate estimates: The differential effects of
mixing on water age versus nutrient tracers may lead to errors in
tracer-based N2 fixation estimates (Koeve and Kähler, 2016).

MODEL-BASED ESTIMATES

Global N2 fixation estimates have been derived from
models using both implicit (diagnostic) and explicit
(prognostic) N2 fixation parameterizations. Implicit N2
fixation parameterizations used in some IPCC-type earth-
system-models (ESM) are based on restoring-type approaches
that simulate N2 fixation by restoring upper-ocean nutrient
ratios toward Redfield NO3:PO4 stoichiometry (MPI-ESM,
Ilyina et al., 2013). This implies that N2 fixation is mainly
restricted to areas with observed low NO3:PO4 ratios. Other
models restrict N2 fixation to N limited areas, but account also
for light and temperature dependence (Can ESM, Zahariev
et al., 2008) and phosphate and iron limitation (IPSL-PISCES,
Aumont et al., 2015). These methods implicitly assume a
constant standing stock of diazotrophs and thereby require fewer
assumptions on not well-known ecophysiological processes
and parameters compared to models that explicitly model the
dynamics of diazotrophs. Explicit parameterizations of N2
fixation are mostly based on the assumption that diazotrophs
are slow-growing photosynthetic organisms that can fix N2.
This simple mechanistic approach results in diazotrophs being
outcompeted by the faster growing ordinary phytoplankton in
N-replete regions, yielding a control by excess PO4, or P∗, in
early on simple box-models (Tyrrell, 1999). Controls by other
environmental factors such as temperature, light, iron (CESM,
Moore et al., 2013) and also specific trade-offs (e.g., DOP-
uptake, Landolfi et al., 2015) or nitrate and oxygen inhibition
(GFDL-TOPAZ, Dunne et al., 2013) have been implemented
in more complex functional-types ecosystem-ocean circulation
models, modulating the rates and regional patterns of fixation.
Some studies also parameterize different groups of diazotrophs,
in particular Trichodesmium-type, unicellular cyanobacteria,
and diatom-cyanobacterial associations (Monteiro et al., 2010).
There is a significant spread in global and regional N2 fixation
estimates by ESMs (Table 1). This arises from differences in
model parameterizations and parameter values, and the different
underlying circulation fields. In restoring approaches, N2
fixation is strongly associated with regions of NO3 deficits, or
high P∗, from denitrification in low-oxygen waters (Ilyina et al.,
2013). This tight coupling is relaxed in parameterizations with
temperature-dependent and Fe-limited growth rates, and also
with NO3 uptake by diazotrophs (Moore et al., 2013; Landolfi
et al., 2017) or NO3 inhibition of N2 fixation (Zahariev et al.,
2008; Dunne et al., 2013; Aumont et al., 2015), which all tend to
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reduce the simulated rates of N2 fixation in NO3-replete regions
(e.g., Eastern Tropical South Pacific upwelling) and enhance
them toward warm, dusty and P-rich waters in line with the
traditional paradigm (Redfield et al., 1963; Falkowski, 1997).
Most models do not reproduce the observed high fixation rates
in the oligotrophic, dusty, North Atlantic due to the modeled low
supply of P∗ in this region. This implies that unaccounted factors
may also be important in controlling marine diazotrophs and
require to go beyond the traditional paradigm. In a recent model
study, we found that preferential phosphorus remineralization,
dissolved organic phosphors uptake (DOP), or Fe-limited
growth, were all not able to significantly enhance P∗ supply and
expand the diazotrophs’ niche in this region. Only accounting
for the elevated N-cost of dissolved organic P scavenging allowed
the success of diazotrophs in the N-rich P-poor North Atlantic
(Landolfi et al., 2015; Figure 1C). This theory, however, awaits
experimental testing. Current global models do not account for
non-cyanobacterial N2 fixation, which requires a more in-depth
understanding of the relevant players, their ecophysiology and
their environmental controls.

IMPLICATIONS FOR THE N BUDGET

As N2 fixation and denitrification may be uncoupled, the oceanic
N inventory is susceptible to imbalances. Despite the relatively
short residence time of oceanic N of less than 3000 years (e.g.,
Somes et al., 2013), the geological isotopic record suggests a
close-to-balanced budget over the past 3000 years (Altabet, 2007).
This indicates the existence of negative feedbacks that stabilize
the marine N reservoir. The nature, intensities and timescales
of these feedbacks are still debated. Their effect on time scales
shorter than those associated with the global ocean overturning
circulation is assumed to require a spatial proximity of regions of
N2 fixation and N removal, such that any N deficit generated by
denitrification in ODZs is rapidly compensated for by N2 fixation
(Deutsch et al., 2007). However, because denitrification consumes
more N than is fixed per mole of organic P, a too tight spatial
coupling would lead to net N removal (Landolfi et al., 2013). Thus
any N deficit may need to be transported and compensated for
far away from ODZ-influenced regions, suggesting that longer
(ocean-circulation) timescales may be required to counteract any
N imbalance (Landolfi et al., 2013; Somes et al., 2016).

Some studies suggested that N loss by denitrification may
exceed, by more than 100 Tg N y−1, the inputs of N
from N2 fixation, atmospheric and riverine supply, as a
result of anthropogenic perturbations (Codispoti et al., 2001;
Codispoti, 2007). While the recent revised estimates of N2
fixation (Table 1), atmospheric and river N supply (39 and
34 Tg N y−1, respectively, Jickellset al., 2017), and denitrification
(120–240 Tg N y−1, DeVries et al., 2013) may suggest a reduced
imbalance to less than 100 Tg N y−1, the annual rate
and distribution at which N enters the ocean is still highly
uncertain, making current and future N inventory projections
speculative. The persistence of a 50–100 Tg N y−1 imbalance for
100 years would cause the N inventory to decline by 0.75–1.5%

(N inventory of 6.6 105 Tg N, Gruber and Galloway, 2008)
possibly weakening the biological carbon pump.

Quantification of non-cyanobacterial N2 fixation is currently
hampered by the lack of reliable data (Moisander et al., 2017;
Benavides et al., 2018) and knowledge of their metabolisms and
environmental controls (Riemann et al., 2010; Bombar et al.,
2016). However, biogeochemical observations can provide strong
constraints on the potential magnitude of this process, which
should leave its imprint on the spatial and vertical cumulative
distributions of nutrients and the δ15NO3 signature in the ocean.
Although thermodynamically favorable (1G < 0), the reduction
of N2 to NH3 requires a large input of energy, from light
or organic matter degradation, to proceed at measurable rates
(Postgate, 1982) and maintain a low-oxygen cellular environment
for the functioning of the enzyme complex nitrogenase. In ODZs
the energy requirements may be reduced and iron limitation,
a further constraint in oxic surface waters, may be relaxed.
Here fixing N2 might be energetically advantageous compared
with NO3-uptake (Großkopf and LaRoche, 2012). However,
the low energetic efficiency of the anaerobic metabolism may
quantitatively constrain the rates of non-cyanobacterial N2
fixation, which may result in invisible (“cryptic”) nutrient
and isotopic tracer-distributions patterns as denitrification and
anammox may override its signature. Further investigations
should asses the contribution of this process.

Our current understanding of stabilizing N-inventory
feedbacks stands on the regulatory-competition between N2
fixers and non-fixing phytoplankton (Redfield, 1963; Gruber,
2004). N2 fixers fertilize the ocean with N until fixed N levels
are, relative to P, high enough for their competitive exclusion.
The potential for N inputs via non-cyanobacterial N2 fixation
independent of N deficits would fail this regulatory mechanism.
Overall, the detailed mechanisms by which N2 fixation responds
to N losses are not well understood to have high confidence of
marine nutrient cycles future predictions. In this context, the
extent to which the North Atlantic stands out as a region of high
N2 fixation may be a pivotal question. Answering it will help to
better understand how tight the feedback is between N2 fixation
and N loss processes.

SYNTHESIS AND OUTLOOK

All approaches to constrain global rates of N2 fixation
(experimental, geochemical, and model-based estimates) have
their own uncertainties and biases. Albeit the recent progress
we still lack a comprehensive knowledge of the relevant
environmental and ecological interactions, which prevent us
from making robust N2 fixation rates estimates and predictions.
To reduce the current level of uncertainty an improved
understanding of the players, their ecological interactions,
and the factors that control N2 fixation in the ocean must
be drawn from a collective research effort. This requires
to take novel approaches that go beyond assuming simple
correlations/sensitivities, but rather consider a combination of
environmental factors and emerging ecological interactions, both
in the field and in the laboratory. To this end, identifying essential
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traits and ecological interactions experimentally, and develop
mechanistic based models, may help us decipher the complexity
of marine N2 fixation and allow robust fixation estimates. As of
now, the large uncertainties in existing N2 fixation estimates and
in the underlying feedbacks with N loss processes rule out reliable
predictions. This task needs a fresh turn.
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Viruses can significantly influence cyanobacteria population dynamics and activity,
and through this the biogeochemical cycling of major nutrients. However, surprisingly
little attention has been given to understand how viral infections alter the ability of
diazotrophic cyanobacteria for atmospheric nitrogen fixation and its release to the
environment. This study addressed the importance of cyanophages for net 15N2

assimilation rate, expression of nitrogenase reductase gene (nifH) and changes in
nitrogen enrichment (15N/14N) in the diazotrophic cyanobacterium Aphanizomenon flos-
aquae during infection by the cyanophage vB_AphaS-CL131. We found that while the
growth of A. flos-aquae was inhibited by cyanophage addition (decreased from 0.02 h−1

to 0.002 h−1), there were no significant differences in nitrogen fixation rates (control:
22.7× 10−7 nmol N heterocyte−1; infected: 23.9× 10−7 nmol N heterocyte−1) and nifH
expression level (control: 0.6–1.6 transcripts heterocyte−1; infected: 0.7–1.1 transcripts
heterocyte−1) between the infected and control A. flos-aquae cultures. This implies that
cyanophage genome replication and progeny production within the vegetative cells does
not interfere with the N2 fixation reactions in the heterocytes of these cyanobacteria.
However, higher 15N enrichment at the poles of heterocytes of the infected A. flos-
aquae, revealed by NanoSIMS analysis indicates the accumulation of fixed nitrogen
in response to cyanophage addition. This suggests reduced nitrogen transport to
vegetative cells and the alterations in the flow of fixed nitrogen within the filaments. In
addition, we found that cyanophage lysis resulted in a substantial release of ammonium
into culture medium. Cyanophage infection seems to substantially redirect N flow from
cyanobacterial biomass to the production of N storage compounds and N release.

Keywords: 15N, Aphanizomenon flos-aquae, Baltic Sea, diazotrophy, nitrogen fixation, nanoSIMS, vB_AphaS-
CL131, virus-host interactions

INTRODUCTION

Biological nitrogen (N2) fixation (conversion of dissolved N2 gas into ammonia by
microorganisms) is an important process of the global biogeochemical cycles, considerably
replenishing N losses to denitrification and anaerobic ammonium oxidation (Deutsch
et al., 2007), and therefore sustaining carbon export and sequestration in the ecosystem
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(Karl et al., 2012). Nitrogen fixing microorganisms (diazotrophs)
provide bioavailable nitrogen to the system in the form of
ammonia and dissolved organic nitrogen that fuels primary and
secondary production and, thus significantly contribute to the
ecosystem functioning. Since cyanobacteria dominate epipelagic
N2 fixation in both marine and freshwater environments, it is
of great importance to understand factors controlling nitrogen
fixation and release in these microorganisms (Benavides and
Voss, 2015; Savchuk, 2018). It has been shown that both
abiotic (e.g., nutrients, temperature, and mixing) and biotic (e.g.,
grazing) factors can influence diazotrophic activity and nitrogen
distribution within the food web (reviewed in Benavides and
Voss, 2015; Kuypers et al., 2018; Pajares and Ramos, 2019).
However, the role of virus-host interactions in N2 assimilation
in diazotrophic cyanobacteria and the effect of infection and
lysis on the fate of fixed N2 is poorly described, representing
a major knowledge gap in our understanding of the global
nitrogen cycling.

It was suggested that viruses have the potential to impact
nutrient cycling at scales from single cells to whole ecosystems
(Brussaard et al., 2008; Shelford et al., 2012; Zimmerman
et al., 2020). For example, it was shown that viral infection
leads to the decreased carbon to nitrogen ratio (Ankrah et al.,
2014), consequently resulting in stoichiometric imbalance of
the infected cell and, thus, potential changes in its nutritional
value. Recent studies of marine non-diazotrophic cyanobacteria
Synechococcus demonstrated that viruses employ host nutrient
uptake machinery to acquire extracellular nitrogen (in the form
of nitrates) from the surrounding environment, which is then
incorporated into newly synthesized viral particles (Pasulka
et al., 2018; Waldbauer et al., 2019). In addition, viral genes
encoding for proteins involved in nitrogen uptake (homolog of
amt; Monier et al., 2017) or ammonium oxidation (homologs
of amoC and amoA; Ahlgren et al., 2019) was found in viral
metagenomes and culture isolates. Experiments demonstrated
that these genes (e.g., amt) are expressed during infection
and even enhance ammonium uptake rates by the infected
cells (Monier et al., 2017). Moreover, as the infection proceeds
viruses can switch from using host biomass-derived nitrogen
to the extracellularly derived nitrogen sources to meet their
N demand required for effective replication (Waldbauer et al.,
2019). Lysis of the infected cells and release of dissolved
organic and inorganic nitrogen (viral shunt; Wilhelm and
Suttle, 1999) were shown to induce structural and functional
changes in co-occurring microbial communities and promoted
pelagic production due to increased remineralization of the
released nutrients (Shelford et al., 2012). These examples
suggest that viral infection and lysis can directly modulate N
transformations in the ecosystems. From the perspective of
atmospheric nitrogen dynamics in diazotrophic cyanobacteria,
one thus could hypothesize that infection by viruses can induce
alterations in (i) nitrogen assimilation (N2 fixation) and (ii)
release (ammonium) rates, due to, for example, metabolic
reprogramming of the host cells (Doron et al., 2016) as well as
(iii) redistribution of N within the infected cells by redirecting
intracellular nutrient pool toward production of new virions
(Ankrah et al., 2014).

The Aphanizomenon flos-aquae is a bloom-forming
heterocytous cyanobacterium, distributed worldwide in fresh and
brackish water ecosystems (Cirés and Ballot, 2016). A. flos-aquae
substantially contributes to the nitrogen pool in the Baltic Sea
and fixes up to 75% of total fixed nitrogen in this ecosystem of
which up to 50% are released (Ploug et al., 2010; Klawonn et al.,
2016). A. flos-aquae and other filamentous cyanobacteria in the
Baltic Sea fuel a microbial food web which is efficiently grazed
by zooplankton in particular during the late phase of a bloom
(Wannicke et al., 2013; Woodland et al., 2013; Karlson et al., 2015;
Adam et al., 2016). Cyanophages were shown to significantly
reduce population size of A. flos-aquae in laboratory incubations
(Šulčius et al., 2015a). In addition, cyanophage infection can
substantially alter the population structure of A. flos-aquae
via reduction of the filament size and due to caused changes
in ratio between vegetative cells, heterocytes and akinetes,
since the latter two types of A. flos-aquae cells were shown to
be insensitive to cyanophage additions (Šulčius et al., 2015a,
2017). Thus, this raises an intriguing question whether and to
what extent cyanobacterial viruses (cyanophages) influences
N2 fixation and nitrogen transformation processes in these
cyanobacteria, and, in particular, whether viral infections alter
the level of gene expression (e.g., nifH) and net incorporation of
N2 into cyanobacterial biomass. In addition, there is a paucity of
knowledge regarding how infection affects nitrogen flow within
the filaments of the infected cyanobacteria. The lack of this
information hampers our understanding of how virus-bacterium
interactions influence biological nitrogen fixation process in the
Baltic Sea and other aquatic ecosystems in which A. flos-aquae
occurs at the high densities.

To advance our understanding of the effect of cyanophage
infection on diazotrophic activity, we infected a culture of A. flos-
aquae with the virulent cyanophage vB_AphaS-CL131 (hereafter
CL 131; Šulčius et al., 2015a) in a short-term (36 h; within one
infection cycle of CL 131) laboratory incubation experiment. We
then followed changes in nitrogen fixation rates using a 15N2
stable isotope tracer addition (Montoya et al., 1996) and the
transcript abundance of nifH, a marker gene for N2 fixation
(Raymond et al., 2004), in infected A. flos-aquae cultures and
compared these expression levels and fixation rates to those
of uninfected controls. In addition, we used high-resolution
nanometer-scale secondary ion mass spectrometry (nanoSIMS)
of A. flos-aquae to evaluate the cellular distributions of 15N
enrichments during infection as a proxy for nitrogen assimilation
and flow among the cells within the filament.

RESULTS

Dynamics of A. flos-aquae and
Cyanophage vB_AphaS-CL131
In the control treatment without virus addition, the abundance
of A. flos-aquae cells increased by 62.6% at the end of
the experiment compared to its initial counts and changed
from 2.5 × 105 cells mL−1 (±0.7 × 103 cells mL−1) to
4.0 × 105 cells mL−1 (±1.1 × 104 cells mL−1). No significant
changes in A. flos-aquae abundance over the period of 36 h was
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observed in the infected culture (Figure 1), which indicated the
suppression of A. flos-aquae population growth. The apparent
growth rate of A. flos-aquae in the control culture was about
0.02 h−1 (±0.0008 h−1) and significantly (∼10-fold; t-test,
t = 8.90, p < 0.0, df = 12) exceeded that of the infected culture
[0.002 h−1 (±0.0009 h−1)].

Changes in cyanophage CL 131 abundances were assessed
by enumerating gene copy numbers of the structural gene
gp046 in cell-free filtrate (Figure 1). Six hours after cyanophage
addition, the number of CL 131 cyanophages decreased to
∼73% of its initial numbers, indicating that about 1/4 of
all cyanophages in the stock adsorbed to its host cells. The
CL 131 density then significantly (Tukey HSD p < 0.00)
increased 24 h after cyanophage addition (2.4 × 106 gp046
gene copies mL−1

± 9.2 × 104 gp046 gene copies mL−1) and
reached its peak in abundance at about 30 h post inoculation
(4.5 × 106 gp046 gene copies mL−1

± 1.0 × 105 gp046 gene
copies mL−1; Figure 1).

Nitrogen Fixation and Gene Expression
The net 15N2 fixation rates by A. flos-aquae cumulated over the
course of incubation experiment in both treatments (Figure 2A),
and eventually reached 22.7 × 10−7 nmol N heterocyte−1

(±3.3 × 10−7 nmol N heterocyte−1) and 23.9 × 10−7 nmol N
heterocyte−1 (±7.3 × 10−7 nmol N heterocyte−1) in the control
and infected culture, respectively. No statistically significant
differences in N2 fixation rates were found between the infected
and control treatments (RM ANOVA F = 2.25, p = 0.14, df = 1)
over the course of the incubation experiment. These observations
were consistent with changes in the number of nifH transcripts
(Figure 2B), where no differences between the two treatments
were detected (RM ANOVA F = 4.22, p = 0.06, df = 1), except
for 12 h post inoculation. The number of nifH transcripts varied
from 0.6 (±0.2) to 1.6 (±0.1) transcripts per heterocyte and from

FIGURE 1 | Changes in Aphanizomenon flos-aquae strain 2012/KM1/D3 cell
abundance (circles) in the control (dark gray) and infected (light gray)
treatments as well as dynamics of cyanophage vB_AphaS-CL131 gp046
gene copy numbers (diamonds) during the course of incubation experiment.
Symbols indicate the mean values, and the error bar shows the standard
deviation of three technical replicates.

0.7 (±0.2) to 1.1 (±0.2) transcripts per heterocyte in the control
and infected cultures, respectively.

Nitrogen Enrichments in A. flos-aquae
Filaments
The 15N enrichment was assessed using nanoSIMS analysis in
both A. flos-aquae heterocytes and vegetative cells. Significantly
increased (t-test, t = 6.92, p = 0.01, df = 19) 15N enrichment was
detected in the heterocytes of the infected A. flos-aquae culture
(Figures 3A, 4A), indicating accumulation of the newly fixed
N2 within those cells. The local 15N enrichment at the poles of
the heterocytes of the infected A. flos-aquae filaments were also
significantly higher (t-test, t = 5.08, p = 0.03, df = 34) compared to
the control cultures (Figures 3B, 4B). No statistically significant
differences (t-test, t = 0.22, p = 0.82, df = 98) in whole-cell 15N
enrichment in vegetative A. flos-aquae cells were found between
the two treatments (Figure 3C), although the variation width
in the infected cells was higher compared to the control. The
nanoSIMS data showed that significant local 15N enrichments
in vegetative cells were distributed randomly and occurred at a
very low abundance (data not shown), having no impact on the
average cell isotopic signal.

Changes in Nutrient Concentration
Statistically significant (RM ANOVA F = 28.42, p = 0.01,
df = 1) increase in ammonium concentration was observed in
the medium of the infected culture compared to non-infected
controls at 36 h (Figure 5A). The concentration of ammonium
in the infected treatment changed from 0.90 µmol L−1

(±0.09 µmol L−1) at the beginning to 1.53 µmol L−1

(±0.22 µmol L−1) at the end of the experiment whereas in the
controls it decreased from 0.72 µmol L−1 (±0.52 µmol L−1) to
0.58 µmol L−1 (±0.22 µmol L−1). Both curves had minimum
concentrations between 12 and 24 h. The concentration of other
inorganic nitrogen forms (nitrate and nitrite) remained below
or just above the detection limit (0.2 µmol L−1 for nitrate,
0.05 µmol L−1 for nitrite) during the experiment and did
not show any clear pattern (data not shown). The measured
concentration of phosphates varied from 88.0 to 91.2 µmol L−1

and from 89.5 to 93.8 µmol L−1 in control and infected
treatments, respectively (Figure 5B).

DISCUSSION

Understanding the factors controlling biological N2 fixation
is important to fully comprehend the flow of energy and
matter in the ecosystem. In this study, we analyzed the effect
of cyanophage infection on nitrogen fixation and flow in
diazotrophic cyanobacterium A. flos-aquae. We demonstrated
that viral infection and diazotrophic activity in these filamentous
cyanobacteria do not interfere with one another, indicating low
degree of virus-mediated metabolic remodeling of A. flos-aquae
heterocytes. Our results also suggest that CL 131 cyanophages
contribute to nitrogen dynamics by (i) inducing alterations in
nitrogen distribution within the infected A. flos-aquae filaments
and (ii) through ammonium release by lysis.
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FIGURE 2 | Changes in nitrogen fixation (A) and nifH transcript abundance (B) in the control and infected cultures of the Aphanizomenon flos-aquae strain
2012/KM1/D3. Symbols indicate the mean values, and the error bar shows the standard deviation of three technical replicates.

FIGURE 3 | Differences in 15N enrichment in Aphanizomenon flos-aquae strain 2012/KM1/D3 heterocytes (whole cell–A, poles–B) and vegetative cells (C) indicated
as 12C15N/12C14N ratio (calculated from nanoSIMS analysis). The solid line within the box marks the mean, the boundaries of the box represent the standard error,
and the whiskers above and below the box show the standard deviation from the mean. White circles represent the data value of each measured heterocyte (A,B) or
vegetative cell (C).

The infection cycle of CL 131 progressed similarly to
previously observed infection dynamics for this cyanophage
(Šulčius et al., 2015a) as well as to that described for other
cyanophages infecting filamentous cyanobacteria (Wang and
Chen, 2008; Gao et al., 2009; Dwivedi et al., 2013; Watkins et al.,
2014; Coloma et al., 2017; Šulčius et al., 2018). A significant
increase in CL 131 abundance was detected 24–30 h after
cyanophage addition (Figure 1), indicating lysis of A. flos-aquae
cells and completion of the first infection cycle (Šulčius et al.,
2015a). Changes in CL 131 abundance from T0 to T6 (Figure 1)
imply slow CL 131 adsorption as only approximately 27% of
the cyanophages were found associated with A. flos-aquae cells.

Nevertheless, the calculated ratio of the adsorbed phages to each
cyanobacterial cell was ∼1.7, suggesting that most of the cells
were still infected. However, due to unsynchronized cell growth
and division rates in filamentous cyanobacteria (Sakr et al., 2006),
which likely occurs as a result of variation in metabolic and
physiological state of each individual cell within the filaments,
the increased variation in the latent period of the cyanophages
and therefore differences in lysis timing may occur (Parada et al.,
2006; Hyman and Abedon, 2009). Although both relatively low
adsorption rates and unsynchronized cell lysis were also found
for other virus and filamentous cyanobacteria host systems,
eventually (e.g., after prolonged period of time and several
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FIGURE 4 | Nanometer-scale secondary ion mass spectrometry (nanoSIMS) micrographs of Aphanizomenon flos-aquae strain 2012/KM1/D3 heterocytes (h) and
adjacent vegetative cells (v) in the infected (A,B) and control (C) treatments. The cellular nitrogen distribution is indicated as 12C15N/12C14N ratio.

FIGURE 5 | Changes in ammonium (A) and phosphate (B) concentrations in the medium of the control and infected cultures of the Aphanizomenon flos-aquae
strain 2012/KM1/D3. Symbols indicate the mean values, and the error bar shows the standard deviation of three technical replicates.
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infection cycles) most of the cells are lysed (Hewson et al., 2004;
Gao et al., 2009; Šulčius et al., 2015a, 2018; Coloma et al., 2017).
This further suggests that under conditions of massive infection
and lysis such as for example during the blooms of filamentous
cyanobacteria (Gons et al., 2002), a substantial amount of fixed
N2 might be redirected toward the microbial loop.

Nitrogen Fixation During Cyanophage
Infection
To meet their N demand required for the efficient replication
of viral nucleic acids and proteins within the infected cells,
viruses are known to employ at least three different mechanisms
for N acquisition: recycling of intracellular N sources (Ankrah
et al., 2014), acquisition of extracellular nitrogen using host
cell nitrogen uptake machinery (Waldbauer et al., 2019) and
expression of host-derived viral genes involved in nitrogen
metabolism (Yoshida et al., 2008; Monier et al., 2017). Noting
that cyanophage CL 131 do not encode any known proteins
involved in N metabolism (e.g., phycobilisomes degradation
enzymes or N transporters; Šulčius et al., 2019), our findings
suggest that cyanophage CL 131 replication strongly relies on the
pre-existing intracellular nitrogen pool in A. flos-aquae cells. The
major ecological implication, therefore, is that production rate
(including latent period and burst size) of cyanophage CL 131
is more likely to be limited by the physiological state of A. flos-
aquae and the ability of cyanophage to efficiently catabolize host
intracellular compounds rather than by virus-mediated metabolic
reprogramming of the host cells. This observation represents
a relatively less common mode of the phage-host interactions
that differ from other laboratory virus-host systems, including
marine cyanobacteria, algae, and heterotrophic bacteria, in which
viral replication significantly interfere with carbon and nitrogen
cycling within the infected cells (reviewed in Zimmerman
et al., 2020). Negligible effect of cyanophage infection on host
metabolic activity was also observed for freshwater bloom-
forming cyanobacteria Microcystis aeruginosa (Morimoto et al.,
2018). The authors hypothesized that the lack of significant
metabolic reprogramming of the infected cells might be
associated with cyanophage avoidance strategy to prevent the
activation of host defense systems, while material necessary
for cyanophage DNA replication and protein synthesis can be
derived from the host nucleotide and amino acid precursor pools
(Morimoto et al., 2018).

The spatial separation of nitrogen fixation in heterocytes and
cyanophage replication within the vegetative cells might explain
the lack of interference between these two processes. Although
N2 fixation and growth are usually tightly connected under
relatively stable growth conditions (Muñoz-García and Ares,
2016), uncoupling between nitrogen and carbon metabolism may
occur under environmental stress. Since heterocytes are capable
of independent production of the reducing equivalents and
ATP for the nitrogenase reactions in photosystem I (Magnuson
and Cardona, 2016), nitrogen fixation can be maintained when
growth conditions change. Thus, from the perspective of virus-
mediated metabolic reprogramming of the infected cell, a process
which essentially is a redirection of the energy supply from

cellular reactions to the synthesis of viral particles (Puxty
et al., 2015; Rosenwasser et al., 2016), the energy demanding
process of N2 fixation taking place in physically separated
and relatively energetically independent heterocyte, should not
influence or restrict virus replication. This is because the
required energy for virus replication within the vegetative cells
is provided by other reactions such as for example pentose
phosphate pathway (Thompson et al., 2011). Thus, such energetic
“independence” of heterocytes and/or inability of a virus to access
the ATP produced within the heterocytes makes possible that
diazotrophic activity of the infected filaments is maintained,
especially over the relatively short period of time, such as the
time needed for cyanophage replication and assembly. Similar to
our observations, studies with zooplankton predation (including
Daphnia, Diaptomus, and Bosmina), which is another major
biotic factor of cyanobacteria mortality, indicated that grazing on
the vegetative cells of the filamentous cyanobacteria do not exert
any effect on heterocyte activity and rates of nitrogen fixation
(Shtina and Nekrasova, 1971; Chan et al., 2004), suggesting that
heterocytes remain metabolically active even when vegetative
cells are dying.

The importance of diazotrophically fixed nitrogen in the
aquatic food web is strongly associated with its transformation
within the cell (e.g., cellular stoichiometry and nutritional value)
and a subsequent release into environment (e.g., in either
dissolved or particulate form). In case of active virus-mediated
metabolic reprogramming, as studies with marine heterotrophic
bacteria and algae would suggest (reviewed in Zimmerman et al.,
2020), the intracellular nitrogen resources should be effectively
redirected from the production of cellular compounds toward
new phage particles resulting in significant changes in cellular
stoichiometry (nutritional value of the cell is changed; Ankrah
et al., 2014; Monier et al., 2017). Alternatively, however, the
metabolism of the assimilated nitrogen, including both synthesis
and degradation of host proteins and various metabolites, might
remain significantly unchanged during cyanophage infection
(Morimoto et al., 2018), in turn, possibly having no impact
on intracellular nutrient ratios (nutritional value of the cell
does not change). Our observations, however, suggest another
rather subtle effect of cyanophages on the N flow, when newly
fixed nitrogen is neither incorporated into viral particles nor it
accumulates into cyanobacteria biomass. Instead it remains in the
heterocytes, changing N flow within the infected filaments and
delaying any of its further transformations.

Re-distribution of Fixed Nitrogen Within
the Infected Filaments
In diazotrophic cyanobacteria, newly fixed N2 is either (i)
transferred to the vegetative cells where it is used for cellular
growth (biomass accumulation), (ii) released as ammonium
(cellular exudation) to the surrounding environment, or (iii)
under unfavorable growth conditions is converted into N storage
compounds. These processes and thus the flow of nitrogen is
actively regulated in cyanobacteria to maintain the beneficial
interactions with other microorganisms and in response to
environmental conditions to ensure cellular growth and survival
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(Flores and Herrero, 2005; Foster et al., 2011; Zehr and Kudela,
2011). Viral infection of the host cells has the potential to
modulate the nitrogen metabolism and alter the flow of N
within the infected cells (Brussaard et al., 2008; Ankrah et al.,
2014). Both growth inhibition (Figure 1) and the lack of
changes in N2 fixation activity (Figure 2) in the infected A. flos-
aquae might suggest that newly fixed nitrogen is used for the
production of cyanophage progeny rather than for incorporation
into cyanobacterial biomass. In this case, and assuming that
viruses are enriched in N compared to their hosts (Jover et al.,
2014; Pasulka et al., 2018), increased local 15N enrichments
relative to the control A. flos-aquae filaments can be expected
in the cytoplasmic regions where the assembly of the newly
produced cyanophage virions within the infected vegetative cell
occurs. These regions can be clearly seen in the thin sections
of the infected A. flos-aquae cells (for details see Šulčius et al.,
2015a). Recent study has demonstrated the ability of nanoSIMS
to resolve 15N enrichments in each individual viral particle
(Pasulka et al., 2018). Thus, to test our hypothesis, we analyzed
cellular distribution of 15N enrichments in vegetative cells of the
infected and control cultures. The nanoSIMS analysis revealed no
differences in both local (data not shown) and total (Figure 3C)
15N enrichments between infected and control vegetative A. flos-
aquae cells, suggesting that only limited (if any) amount of newly
fixed N2 is incorporated into cyanophage progeny. Also, this
suggest that cyanophage infection does not result in the relative
accumulation of nitrogen within infected cells as it was shown for
some marine bacteria and algae virus-host systems (Ankrah et al.,
2014; Monier et al., 2017).

In this study, we found different 15N enrichments in the
heterocytes of the infected cultures compared to the uninfected
controls (Figure 3A). The observed 15N enrichment in the
heterocytes was also localized at its poles (at both ends close to
the heterocyte neck; Figure 3B). The reason for this localization
is not fully understood at this time but one possible explanation
is nitrogen conversion into N storage compounds. It has been
shown that heterocyte ends are the sites of accumulation of
cyanophycin (Sherman et al., 2000) a polymer composed of
aspartate and arginine that serves as a nitrogen reservoir (Flores
et al., 2019). Cyanophycin granules were previously detected in
the heterocytes of the field isolates of A. flos-aquae, yet at the
relatively low concentrations, suggesting that fixed N was rapidly
transported to the adjacent cells during population growth (Ploug
et al., 2010). However, increased production of cyanophycin
may occur under stress or growth-limiting conditions (Obst
and Steinbüchel, 2006), including during the inhibition of host
protein synthesis that is known to occur during viral infection
(Rosenwasser et al., 2016). The accumulation of fixed N2 in the
form of cyanophycin would be consistent with the observed
15N enrichments at heterocyte poles (Figure 3B) and growth
inhibition of vegetative cells of A. flos-aquae by cyanophage CL
131 infection in our experiment (Figure 1). Consequently, it
may further suggest that GS/GOGAT pathway, linking carbon
and nitrogen metabolism in the filaments, may also be affected
by the cyanophage infection. For example, one could expect
that incorporation of fixed nitrogen into aspartate and arginine
would also reduce the formation and transport of 2-oxoglutarate

(2OG) and glutamine (Gln) into the vegetative cells. This in turn
might result in downregulation of NtcA genes, global nitrogen
regulators essential for regulation of the expression of numerous
other important genes involved in maintenance of A. flos-
aquae metabolism and physiology. Whether the above discussed
phenomenon (cyanophycin accumulation in heterocytes and
reduced supply of Gln and 2OG to vegetative cells) represents
a case of coordinated cellular response to cyanophage infection
remains unknown and further studies are needed to test this
hypothesis. Nevertheless, the ecological implications could be
that diazotrophically fixed nitrogen is neither accumulated
into cyanobacteria biomass nor it is incorporated into newly
synthesized phage particles. The nanoSIMS results suggest
that the transport of newly fixed N2 from the heterocytes
to the infected vegetative cells is suspended. The subsequent
transformations of N2 is delayed and newly fixed N2 may
not be released.

Nitrogen Release by Cyanophage
Infection and Lysis
Biological nitrogen fixation and its subsequent release is
one of the largest sources of nitrogen enabling microbial
community to alleviate general summer nitrogen limitation
in many aquatic ecosystems (Vahtera et al., 2007; Degerholm
et al., 2008; Wannicke et al., 2013; Karlson et al., 2015).
Diazotrophically derived nitrogen can be released and transferred
to co-occurring microbes either through the exudation of
dissolved nitrogen products from cyanobacterial cells (mostly
in the form of ammonium; Adam et al., 2016), zooplankton
grazing (e.g., sloppy feeding and excretion of N compounds
within the fecal pellets; Hasegawa et al., 2001), decay of the
senescent cells (e.g., at the end of the vegetation period;
Engström-Öst et al., 2013), viral lysis (Coloma et al., 2017)
or combination of these processes. Although the type of
material released by all of these processes includes a spectrum
of compounds ranging from highly labile to recalcitrant,
the stoichiometric composition and bioavailability of the
released material is thought to be different (Suttle, 2007).
It is generally believed that cellular exudation and lysis-
mediated release of organic and inorganic molecules is
more readily accessible to pelagic bacteria compared to
zooplankton fecal pellets or decaying cells (Adam et al.,
2016). Therefore, our observations revealing threefold higher
ammonium concentration in the cell-free filtrates of the
infected A. flos-aquae culture at the end of the incubation
experiment (Figure 5A), would, therefore, tentatively suggest
that cyanophage lysis can not only redirect the flow of nitrogen
from cellular biomass (which otherwise would be grazed or
decayed) toward higher N release, but also significantly increase
N bioavailability in the system. It is worth to note that
since the flow of newly fixed nitrogen is significantly reduced
or inhibited in the infected filaments (as discussed above;
Figures 3, 4), the released nitrogen should have probably been
fixed and transferred to vegetative cyanobacterial cell before the
cyanophage infection. Nevertheless, ammonium release would
enhance N remineralization by uninfected bacteria and algae,
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having a net stimulatory effect on the growth of co-occurring
microbial assemblages as it was experimentally shown for
filamentous diazotrophic cyanobacterium Nodularia spumigena
(Cairns et al., 2016) and natural phytoplankton community
(Shelford et al., 2012). The extent of this effect, however,
would depend on the host species (in our case A. flos-
aquae), composition of the co-occurring community and the
ability of each individual microbial species to assimilate lysis-
released compounds.

On the other hand, it is also possible that infection and lysis
of the vegetative cells would reduce or even prevent the supply

of glutamate produced by GOGAT (glutamine oxoglutarate
aminotransferase) in vegetative cells, which is used as a substrate
by the glutamine synthetase (GS) in the heterocytes to produce
Gln, a process during which fixed nitrogen is incorporated into
amino acids. Therefore, one could hypothesize that ammonium
produced in the un-infected and metabolically active heterocytes,
and no longer being transferred (as Gln) to the adjacent lysed
vegetative cells, is released into surrounding environment. Thus,
future studies should include measurements of the GS/GOGAT
activity to better understand nitrogen release from heterocytes
during and after cyanophage infection.

FIGURE 6 | Schematic representation of (A) cyanophage vB_AphaS-CL131 infection stages (adsorption, latent period, and burst; modified from Šulčius et al.,
2015a), (B) sampling points (black circles) in the context of light regime (hours), and (C) list of measurements taken during the course of the incubation experiment.
HPI, hours post inoculation; Veg. cells, vegetative cells.

TABLE 1 | Primer sets used for droplet digital PCR analysis of nifH gene expression (nifH), DNA contamination in RNA samples (16S) and cyanophage CL131
abundance (gp046).

Target gene Forward primer (5′ to 3′) Reverse primer (5′ to 3′) Product length, bp References

nifH GATAGCTTTCTACGGCAAGGGC GGTAGAGTCAGCTTTAGGATCG 124 This study

16S GTGCCAGCMGCCGCGGTAA GGACTACHVGGGTWTCTAAT 255 Caporaso et al., 2011

gp046 CACAACTCATTGCTGGTGGC GGTTGGTGGTTCATAGGGCT 143 This study
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Finally, no accompanied changes in phosphate concentration
was found between the control and infected treatments at the lysis
onset (36 h; Figure 5B), suggesting that viral lysis in addition
to the induced alterations in the ammonium concentration
(Figure 5A) and possibly in the prevailing N form in the
environment, also have implications for the overall nutrient
stoichiometry in aquatic ecosystems (Suttle, 2007). The observed
differences in phosphate concentration between the infected and
control cultures at T0 (Figure 5B) cannot be explained by any
differences in the experimental setup, but would, however, have
no substantial effect neither on A. flos-aquae growth nor for
cyanophage infection process during the period of incubation
experiment as the total P concentration far exceeded (>3-fold)
the limit proposed to inhibit A. flos-aquae development (De
Nobel et al., 1997; Takano and Hino, 2000; Vahtera et al., 2007).

CONCLUSION

Determining the fate of diazotrophically derived nitrogen in the
infected cells is important not only for the better assessment
of the role of viruses in the nutrient flows and functioning
of the microbial food web, but also for the development of
more efficient ecosystem management plans. In this study, we
described the effect of cyanophage infection on diazotrophic
activity and N flow in the ecologically relevant heterocytous
cyanobacterium A. flos-aquae. Although this represents a single
case based on using the same initial culture and therefore may
obscure the inference about the variance of the observed effect of
infection in natural A. flos-aquae population consisting of various
genotypes with different sensitivity to cyanophages, the random
biological variation of A. flos-aquae filaments and individual
cells, emerging due to its multicellular nature, asymmetric
division and unsynchronized growth in our incubations might
well reflect the general patterns of A. flos-aquae physiological
state and fitness in aquatic environments, at least for the
fraction of infection sensitive sub-population. Nevertheless, we
demonstrated that infection with the cyanophage CL 131 does
not inhibit the expression of nifH genes or the rate of net N2
assimilation (Figure 2); thus, the metabolism and activity of
heterocytes remained unchanged. However, these observations
may hinder the actual effect of viral infections on nitrogen
dynamics and metabolism within host cells. The increased total
(whole heterocytes; Figure 3A) and local (at the heterocyte poles;
Figure 3B) 15N enrichment in the heterocytes of the infected
A. flos-aquae culture indicates that the flow of fixed N2 within
the filament might be altered as a result of viral infection.
Whether and how these changes influence the stoichiometry and
amino acid profiles of the infected vegetative cells of A. flos-
aquae or, for example, the recovery of the resistant A. flos-aquae
subpopulation remain to be elucidated. Finally, nitrogen that has
been fixed before the infection of vegetative cyanobacterial cells
takes place is released as ammonium (Figure 5A) or dissolved
organic nitrogen upon cell lysis and would probably also change
the flow of fixed N2 within the microbial food web (Shelford
et al., 2012). We, thus, suggest that cyanophage infection redirect
the pathway of fixed N2 from A. flos-aquae biomass (Figure 1)

toward production of N storage compounds (Figure 3B) and
enhanced N release (Figure 5A).

MATERIALS AND METHODS

Experimental Organisms and Culture
Conditions
The clonal cyanobacterium A. flos-aquae strain 2012/KM1/D3
was isolated from surface water collected from the Curonian
Lagoon (N 55◦30′, E 21◦15′) in the south-eastern part of the
Baltic Sea (Šulčius et al., 2015a) Unialgal yet non-axenic A. flos-
aquae culture was grown in modified (pH 7.8–8.0) AF-6 medium
(Watanabe et al., 2000) without the addition of a nitrogen source
(AF-6N0) under a 14/10-h light-dark cycle with a light intensity
of 30 µmol m−2 s−1 and at a constant 20◦C temperature.

Cyanophage vB_AphaS-CL131 was isolated from the
Curonian Lagoon (Lithuania) using A. flos-aquae strain
2012/KM1/D3 as a host organism (Šulčius et al., 2015b). CL 131
is a large (capsid size of ∼97 nm, tail length – ∼361 nm, genome
size – ∼113 kb) virulent siphovirus with an infection cycle of
∼36 h (Šulčius et al., 2015b, 2019). Prior the experiment, CL 131
was propagated using exponential growth phase A. flos-aquae
culture under the same conditions as those described above.
Cyanophage inoculum for incubation experiment was prepared
from A. flos-aquae lysates purified using cesium chloride (CsCl2)
density gradient centrifugation (Šulčius et al., 2015b).

Incubation Experiment and Sampling
Scheme
We limited our experiment to one infection cycle of the
cyanophage CL 131 (Šulčius et al., 2015b) to emphasize the effect
of cyanophage infection on N2 fixation and nifH gene expression
in A. flos-aquae rather than the combined effect of infection and
cell lysis. More specifically, we tried to prevent the potential effect
of organic and inorganic nitrogen, which may be released into the
medium due to cell lysis, on A. flos-aquae N metabolism. It has
been suggested that these filamentous cyanobacteria may exhibit
a preferential uptake of nitrates, nitrites, and ammonium instead
of 15N2 (Layzell et al., 1985). The duration of the A. flos-aquae
infection was determined in our previous studies and shown to be
∼36 h (Šulčius et al., 2015b). This period of time includes CL 131
adsorption, replication and burst (Šulčius et al., 2015b; Figure 6).
In addition, the apparent growth rate of A. flos-aquae (0.24 d−1,
corresponding to population doubling time of 2.89 days) was
measured before the experiment to ensure that experiment will
be performed within the same A. flos-aquae generation.

For incubation experiment, the early exponential
growth phase cyanobacterial culture at the density of
∼2.5 × 105 cells mL−1 was mixed with purified cyanophage CL
131 suspension at the density of∼1.6× 106 phages mL−1, giving
the ratio of phages added to each cyanobacterial cell of ∼6.5.
The control treatment was amended with filter-sterilized AF-6N0
medium instead of cyanophage suspension. Both (infected and
control) treatments were then subdivided into three technical
replicates in glass septum bottles and were mixed by inverting
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them every 6 h. Nitrogen (15N2) gas (99.2 atom% 15N; Campro
Scientific) was directly added as a bubble into incubation bottles
(final concentration 0.2% v/v) of either infected or control
cultures following descriptions in Montoya et al. (1996).

Samples for CL 131 and A. flos-aquae abundance and
15N2 fixation activity measurements were taken every 6 h.
Samples for nifH gene expression and ammonium concentration
measurements were taken every 12 h of the incubation
experiment (Figure 6).

RNA Extraction and cDNA Synthesis
Samples for RNA extraction were collected by filtering 24 mL
of culture suspension onto Whatman polycarbonate filters
(0.2 µm pore size, 47 mm diameter), flash frozen in liquid
nitrogen and stored at −80◦C until analysis. Total RNA was
extracted following descriptions in Weinbauer et al. (2002) with
modifications as in Glaubitz et al. (2009). The cell wall was
mechanically disrupted using silanized glass beads (2–3 mm) in
acidic extraction buffer [450 µL; 50 mM sodium acetate, 10 mM
EDTA, 2% SDS (w/v), pH 4.2] mixed with equal volume of
acidic phenol-chloroform (8:1, pH 4.2) suspension. Samples were
homogenized and centrifuged for 5 min at 16,000 × g at 4◦C.
The aqueous phase containing RNA was transferred into new
tube, washed twice with chloroform-isoamyl alcohol (24:1) and
precipitated for 30 min at −80◦C with isopropanol containing
3 M sodium acetate (0.1 volume) and 1.3 µL glycogen. The
precipitated RNA was pelleted by centrifugation (60 min) and
purified by washing twice with pre-cooled ethanol (70%, v/v).
RNA was recovered from dry pellets by elution in nuclease-free
DEPC-treated water and treated with DNase I (Turbo DNA-Free
kit, Thermo Fisher Scientific) to remove the remaining DNA.

RNA samples were checked for DNA contamination
using PCR and universal bacterial 16S rDNA gene primers
(Com1/Com2; Table 1). RNA concentration and purity was
assessed spectrophotometrically using the 2100 Electrophoresis
Bioanalyzer (Agilent Technologies) and RNA 6000 Pico
Kit (Agilent Technologies) following manufacturer’s
recommendations. RNA was reverse transcribed into
complementary DNA (cDNA) using MultiScribe Reverse
Transcriptase (Thermo Fisher Scientific) following the
manufacturer’s protocol. A PCR control without a reverse
transcriptase and with a reaction mixture lacking template RNA
were used to test the specificity of cDNA synthesis.

Primer Design and Validation
Specific primer pairs (Table 1) targeting A. flos-aquae nifH
gene (Accession No. NZ_JSDP01000132.1) were designed with
Primer3web software (v4.1.0; Untergasser et al., 2012). Primers
specificity to ensure that they amplified only the target genetic
locus were tested via conventional PCR using A. flos-aquae DNA
(data not shown).

The CL 131-specific primers (Table 1) targeting so-far
unique cyanophage structural gene (gp046; Accession No.
ATW59314.1; Šulčius et al., 2019) were designed to give 143 bp
amplicon with Primer3web software (v4.1.0; Untergasser et al.,
2012) and tested for specificity with conventional PCR using

cyanophage DNA and metagenomic analysis (for more details see
Šulčius et al., 2019).

Droplet Digital PCR
Droplet digital PCR (ddPCR) was performed using QX200TM

Droplet Digital PCR System (Bio-Rad Laboratories, Inc.,
Hercules, CA, United States). ddPCR reaction mixtures were
prepared following manufacturer’s protocol. Each reaction
mixture contained 1 ng of cDNA or 1 µL of particle-free filtrate
(for CL 131 gp046 analysis). DEPC water and A. flos-aquae DNA
was used instead of cDNA or particle-free filtrate as negative
and positive controls, respectively. ddPCR reaction mixtures
were loaded into Bio-Rad 8-chanell disposable droplet generator
cartridge containing 70 µL of droplet generation oil in each
well. Droplets were generated using QX200 droplet generator,
transferred into a 96-well PCR plate, heat-sealed with a foil
seal and amplified in a two (for nifH) or three-step (for gp046)
PCR using conventional thermal cycler. PCR cycling conditions
included an initial 5 min denaturing step at 95◦C followed by 40
cycles of denaturation at 98◦C for 30 s, annealing and elongation
at 60◦C for 60 s (for nifH) or 60◦C for 90 s (for gp046), and a final
signal stabilization step at 90◦C for 5 min. After PCR, droplets
were counted using QX200 droplet reader and analyzed with
QuantaSoft software. Positive droplets, containing amplification
products, were discriminated from negative droplets by setting
the fluorescence threshold at the lowest point of the positive
control droplet cluster and at the highest point of the negative
control droplet cluster. The nifH transcript abundance was
normalized for heterocyte abundance by dividing the number
of nifH transcripts by the number of heterocytes recorded at
each sampling point.

Measurements of Nitrogen Fixation
Rates
At each sampling point (Figure 6), 24 mL of culture suspension
was filtered onto pre-combusted (450◦C for 4.5 h) Whatman
GF/F filters and stored at −20◦C until further processing. Prior
the measurements GF/F filters were dried at 60◦C overnight and
pelletized into tin cups, which then were analyzed with Thermo
Flash 2000 elemental analyzer coupled to an DeltaV isotopic
ratio mass spectrometer (Thermo Fisher Scientific). The rates of
nitrogen fixation were calculated following descriptions given in
Montoya et al. (1996) and normalized for heterocyte abundance.

Microscopy Analysis
Samples (1 mL) for determination of A. flos-aquae cell density
were preserved with formalin solution (final concentration of
∼1%) and kept in the dark at +4◦C until further analysis.
Vegetative cells and heterocytes of A. flos-aquae were enumerated
at each sampling point under a light microscope (Nikon Eclipse
Ci H550S) using the Nageotte counting chamber and examining
no less than 600 units. The A. flos-aquae population growth rates
were calculated by fitting linear regressions to the natural log
of cell abundance versus incubation time and calculating the
regression slope.
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Nutrient Analysis
Samples (15 mL) for the analysis of dissolved inorganic nutrients
[ammonium, nitrates and nitrites (NOX) and phosphates]
were pre-filtered through Whatman PC filters (0.2 µm pore
diameter) and measured spectrophotometrically according to
Hansen and Koroleff (1999) using an automated constant flow
analyzer Seal Analytical QuAAtro (for nitrates, nitrites and
phosphates) or spectrophotometer Shimadzu, UV-1202 UV-Vis
(for ammonium) with the detection limits of 0.2 µM L−1 for
nitrate, 0.05 µM L−1 for nitrite, 0.1 µM L−1 for phosphate and
0.05 µM L−1 for ammonium.

Nanoscale Secondary Ion Mass
Spectrometry (NanoSIMS) Analysis
Subsamples (120 mL) for nanoSIMS analysis were taken at the
lysis onset (30 h; Figure 6) and were additionally supplemented
with 1 mL of 15N2 gas (99.2 atom% 15N; Campro Scientific)
to increase net nitrogen dissolution to compensate for short
incubation time. Subsamples were incubated for 6 h under
the same conditions as described above and fixed with 37%
formaldehyde (final concentration 2%). Culture suspension was
serially diluted and filtered onto 0.2 µm Millipore polycarbonate
filters (Billerica, MA, United States). The samples were coated
with ca. 30 nm gold with a Cressington 108auto sputter coater
(Watford, United Kingdom). SIMS imaging was performed using
a NanoSIMS 50 L instrument (Cameca, France) at the Leibniz-
Institute for Baltic Sea Research Warnemünde (IOW). A 133Cs+
primary ion beam was used to erode and ionize atoms of
the sample. Among the received secondary ions, images of
12C−, 13C−, 12C14N−, 12C15N− were recorded simultaneously
for areas of interest using mass detectors equipped with
electron multipliers (Hamamatsu). The mass resolving power
was adjusted to be sufficient to suppress interferences at all
masses allowing, e.g., the separation of 13C− from interfering
ions such as 12C1H−. Prior to the analysis, sample areas
of 40 × 40 µm were sputtered for 4:30 min with 600 pA
to erode the gold, clean the surface, reach the steady state
of secondary ion formation and penetrate into the cell. The
primary ion beam current during the analysis was 3 pA;
the scanning parameters were 512 × 512 pixels for areas of
35 × 35 µm, with a dwell time of 250 µs per pixel. Sixty
planes were analyzed.

Samples were analyzed with the Look@NanoSIMS software
(Gregor and Maršálek, 2004). The planes were checked for
inconsistencies, drift corrected based on the 12C14N− signals
and accumulated. Regions of interest (ROIs) for the calculation
of ratios were drawn according to the cell outlines of the
12C14N− signals. The ROI outlines were crosschecked and
corrected with the cell appearances of 12C15N− signals to
include the areas with high enrichments. In parallel ROIs
on the filter surface were defined for quality control of the
measurement and correction of instrumental offset. For each ROI
a 12C15N−/12C14N− ratio was calculated. The 12C15N−/12C14N−
ratio of the averaged filter areas was used to calculate a
correction value to reach nominal values (0.0036734) for the
areas outside the cells. The cell values were corrected with

this value. Thus, if enrichment material, e.g., from lysed cells,
settled on the filter, the received values might underestimate the
activity of the cells.

For two randomly selected spots additional implantation and
analysis was performed to penetrate deeper in the cell. The
results did not change in deeper cell parts but we must admit,
that no cell was consumed in total by the analysis. Parallel
to 12C15N−/12C14N− ratios also the 13C−/12C− ratios were
analyzed routinely. No enrichments occurred there. This points
to the fact, that the observed enrichments are no methodical
artifact by e.g., topography.

Statistical Analysis
Differences in nifH transcript abundance and nitrogen fixation
rates were compared between treatments over the time course
of the experiment using a repeated-measures ANOVA (RM-
ANOVA). Variables were tested for normality and homogeneity
of variance using the Shapiro–Wilk and Levene’s test, respectively,
and log10-transformed if needed to meet the assumption of
normality. Additionally, independent samples t-test assuming
equal variances was applied to find out whether 15N enrichments,
A. flos-aquae growth rate and nutrient concentrations differed
from the control or from each other on specific sampling points
(both within and between the treatments). All statistical analyses
were performed using RStudio (v. 1.2.5001) with R version 3.6.1,
and with a p-value < 0.05 considered as significant.
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