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Abstract. The western tropical South Pacific (WTSP) Ocean
has been recognized as a global hot spot of dinitrogen
(N7) fixation. Here, as in other marine environments across
the oceans, N, fixation studies have focused on the sun-
lit layer. However, studies have confirmed the importance
of aphotic N, fixation activity, although until now only
one had been performed in the WTSP. In order to in-
crease our knowledge of aphotic N; fixation in the WTSP,
we measured N, fixation rates and identified diazotrophic
phylotypes in the mesopelagic layer along a transect span-
ning from New Caledonia to French Polynesia. Because
non-cyanobacterial diazotrophs presumably need external
dissolved organic matter (DOM) sources for their nutri-
tion, we also identified DOM compounds using Fourier
transform ion cyclotron resonance mass spectrometry (FTI-
CRMS) with the aim of searching for relationships between
the composition of DOM and non-cyanobacterial N, fixa-
tion in the aphotic ocean. Ny fixation rates were low (av-
erage 0.63 £0.07 nmol NL~! d!) but consistently detected
across all depths and stations, representing ~ 6-88 % of

photic Nj fixation. N, fixation rates were not significantly
correlated with DOM compounds. The analysis of nifH gene
amplicons revealed a wide diversity of non-cyanobacterial
diazotrophs, mostly matching clusters 1 and 3. Interestingly,
a distinct phylotype from the major nifH subcluster 1G domi-
nated at 650 dbar, coinciding with the oxygenated Subantarc-
tic Mode Water (SAMW). This consistent pattern suggests
that the distribution of aphotic diazotroph communities is to
some extent controlled by water mass structure. While the
data available are still too scarce to elucidate the distribution
and controls of mesopelagic non-cyanobacterial diazotrophs
in the WTSP, their prevalence in the mesopelagic layer and
the consistent detection of active N» fixation activity at all
depths sampled during our study suggest that aphotic Nj fix-
ation may contribute significantly to fixed nitrogen inputs in
this area and/or areas downstream of water mass circulation.
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1 Introduction

Pelagic Ny fixation is considered the greatest input of fixed
nitrogen to the oceans, adding up to ~ 100-107 TgN per
year (Galloway et al., 2004; Codispoti, 2007; Gruber and
Galloway, 2008; Jickells et al., 2017). In the sunlit layer
of the warm oligotrophic tropical and subtropical oceans,
cyanobacterial diazotrophs such as Trichodesmium, UCYN-
B and diatom-diazotroph associations (DDAs) dominate
fixed nitrogen inputs via N fixation (Zehr, 2011). In colder
and less oligotrophic waters at higher latitudes, other dia-
zotrophs including UCYN-A and non-cyanobacterial groups
may be more competitive (Moisander et al., 2010, 2014;
Bonnet et al., 2015; Langlois et al., 2015), considerably ex-
panding the latitudinal range over which N fixation is con-
sidered significant in predictive biogeochemical models. In
the past decade, several studies have retrieved nifH sequences
from the dark ocean, some also accompanied by low N» fix-
ation rates (Hamersley et al., 2011; Bonnet et al., 2013; Ra-
hav et al., 2013). Due to the immense volume of the dark
ocean, aphotic N, fixation could influence the global nitro-
gen budget substantially. However, the number of published
aphotic N fixation rates is scant and our understanding of the
metabolism and ecology of aphotic diazotrophs is still lim-
ited, hindering our ability to evaluate their impact on global
fixed nitrogen inputs (Moisander et al., 2017).
Non-cyanobacterial nifH sequences fall into four estab-
lished nifH gene clusters (Chien and Zinder, 1996), are the
most numerous in nifH gene databases (Riemann et al., 2010)
and are spread throughout the global ocean (Farnelid et al.,
2011; Langlois et al., 2015). As discussed in Bombar et
al. (2016), the growth and activity of non-cyanobacterial dia-
zotrophs may be controlled by (i) the presence of oxygen be-
cause oxygen destroys the nitrogenase enzyme, (ii) the avail-
ability of fixed nitrogen because N fixation becomes too en-
ergetically expensive when reduced nitrogen forms are read-
ily available in the environment and (iii) the availability of
energy because non-cyanobacterial diazotrophs may not be
able to photosynthesize and thus rely on external fixed car-
bon sources. However, aphotic diazotrophic activity has been
found both in oxygen-deficient regions such as the oxygen
minimum zone of the eastern tropical South Pacific (Bon-
net et al., 2013; Loescher et al., 2014) and the fully oxy-
genated mesopelagic waters in the Mediterranean Sea (Rahav
et al., 2013; Benavides et al., 2016). Moreover, while fixed
nitrogen availability should theoretically shut down N fixa-
tion, significant N, fixation rates have been measured in the
nitrate-rich mesopelagic waters of the western tropical South
Pacific (WTSP) (Benavides et al., 2015). Finally, energy is
likely made available to heterotrophic non-cyanobacterial di-
azotrophs through labile dissolved organic matter (DOM).
Aphotic N» fixation rates have been related to the presence
of relatively labile DOM compounds such as transparent ex-
opolymeric particles (TEP) in the WTSP (Benavides et al.,
2015) or peptides and unsaturated aliphatics in the Mediter-
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ranean Sea (Benavides et al., 2016). The addition of small
labile DOM molecules such as carbohydrates or amino acids
has been shown to enhance aphotic N» fixation in various en-
vironments (Bonnet et al., 2013; Rahav et al., 2013; Loescher
et al., 2014; Benavides et al., 2015). However, some photic
non-cyanobacterial diazotrophs also bear genes for the degra-
dation of refractory DOM compounds (e.g., aromatic hydro-
carbons; Bentzon-Tilia et al., 2015). It is thus reasonable
to expect that aphotic non-cyanobacterial diazotrophs may
be able to exploit diverse DOM sources. Unfortunately, the
current lack of genome information from non-cyanobacterial
aphotic diazotrophs does not allow us to assess how they are
affected by DOM composition and lability.

The WTSP has been recently recognized as a global
hot spot of photic Ny fixation, harboring among the high-
est N fixation rates ever recorded (~ 600 umol N m~2d-!;
Bonnet et al., 2017), mostly attributed to Trichodesmium and
UCYN-B (Bonnet et al., 2009, 2015; Berthelot et al., 2017,
Stenegren et al., 2018). To the eastern border of this region,
the ultraoligotrophic South Pacific Gyre (GY) has low photic
N, fixation rates (Raimbault and Garcia, 2008), which have
been mainly attributed to small unicellular diazotrophs such
as UCYN-A and Gammaproteobacteria (Bonnet et al., 2009;
Halm et al., 2011; Stenegren et al., 2018). Despite its po-
tentially immense implications in global fixed nitrogen in-
puts, the aphotic N; fixation potential of the WTSP remains
mostly unexplored (Benavides et al., 2015). Here we quantify
Ny, fixation and describe the communities based on the nifH
gene in the mesopelagic layer along a ~5000km transect
in the WTSP spanning from oligotrophic to ultraoligotrophic
conditions (Moutin et al., 2017).

2 Materials and methods

2.1 Hydrography, nutrients, chlorophyll a and
dissolved organic carbon

The  OUTPACE  cruise  (Oligotrophy to  Ul-
traoligotrophy South Pacific Experiment;
https://doi.org/10.17600/15000900) took place onboard
the R/V L’Atalante from 20 February to 2 April 2015
(i.e., during austral summer), sailing westwards from New
Caledonia to French Polynesia (see Fig. 2 in Moutin et
al., 2017). Temperature, salinity, chlorophyll fluorescence
and oxygen data were obtained using an SBE 9 plus CTD
mounted on a General Oceanics rosette frame fitted with
24-12 L Niskin bottles.

Seawater samples were collected with Niskin bottles
mounted on a rosette frame at 15 short-duration (SD, 8h)
and 3 long-duration (LD, 7 days) stations (Moutin et al.,
2017). Samples for the determination of the inorganic nu-
trients nitrate (NOy ), nitrite (NO, ) and phosphate (POi_)
were collected in 20mL acid-washed polyethylene flasks,
poisoned with 1% mercury chloride and analyzed onshore
using an AA3 Bran + Luebbe autoanalyzer. The detection
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limit for both NO5" and POi_ was 0.05 uM. Samples for the
determination of dissolved organic carbon (DOC) were col-
lected in combusted glass bottles and immediately filtered
through two mounted precombusted (4h, 450°C) 25 mm
GF/F filters (0.7 um, Whatman) using a custom-made all-
glass—Teflon filtration syringe system. Filtered seawater was
directly collected in precombusted glass ampoules and acid-
ified to pH 2 with orthophosphoric acid. Ampoules were
immediately sealed and stored cold (4°C) and in the dark
until analyses by high-temperature catalytic oxidation on a
Shimadzu TOC-L analyzer according to Sohrin and Sem-
péré (2005). Typical analytical precision is +0.1-0.5 (SD)
or 0.2-0.5 % (coefficient of variation, CV). Consensus refer-
ence materials were injected every 12 to 17 samples to con-
trol for stable operating conditions. Chlorophyll a (Chl a)
concentrations were determined from 500 mL samples fil-
tered through GF/F filters. Chl a was extracted in methanol
and measured by fluorometry (Herbland et al., 1985).

2.2 DOM analysis

Samples for ultra-high-resolution mass spectrometry anal-
yses were collected in acid-cleaned 2L transparent poly-
carbonate bottles and extracted (solid-phase) via Agilent
PPL cartridges as described in Dittmar et al. (2008). Af-
ter extraction, the cartridges were rinsed with acidified ul-
trapure water and frozen at —20 °C. Subsequently, the sam-
ples were dried by flushing with high-purity N, and eluted
with 6 mL of methanol. The efficiency of the extraction
was 47.3 £3.9 % on a carbon basis. Methanol extracts were
molecularly characterized on a 15 Tesla Fourier transform
ion cyclotron resonance mass spectrometer (Solarix FTI-
CRMS) using an electrospray ionization source in negative
mode (Bruker Apollo II). Molecular formulae were ascribed
to the detected masses as outlined in Seidel et al. (2014). The
aromaticity and unsaturation degree of each compound were
evaluated according to its molecular formula and were pre-
sented as the modified aromaticity index (Al-mod) and dou-
ble bond equivalents (DBE), respectively (Koch and Dittmar,
2006). In addition, we ascribed the identified molecular for-
mulae to compound groups according to established molar
ratios, AI-mod, DBE and heteroatom contents (Seidel et al.,
2014). To reveal compositional differences among samples,
we performed a principal coordinate analysis (PCoA) on
Bray—Curtis distance matrices, including all detected molec-
ular formulae and their respective relative FTICRMS signal
intensities. The PCoA scores were correlated against all hy-
drographic and biological variables measured in our study.

2.3 N fixation rates
Seawater was sampled at each SD station from 200, 500,
650 and 800 dbar in quadruplicate 4.3 L transparent poly-

carbonate bottles covered with black cloth. Each bottle was
spiked with 6 mL of >N, gas (98.9 % Euriso-top), inverted
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20-30 times and incubated in the dark at 8 °C in temperature-
regulated incubators onboard. After 24 h of incubation, each
pair of bottles was filtered onto two separate precombusted
GF/F filters (two bottles concentrated per filter) and stored at
—20°C until analyzed with an Integra2 analyzer calibrated
every 10 samples using reference material (IAEA-N1). To
obtain accurate N fixation rates we (1) measured the §'°N
of background N> in the incubation on each incubation bot-
tle by membrane inlet mass spectrometry analyses (MIMS;
Kana et al., 1994) with obtained values of 7.548 +-0.557 at
% (Bonnet et al., 2018), (2) collected time zero samples in
duplicate at each depth and station to determine the natural
815N of ambient particulate nitrogen (PN) and (3) subtracted
blank GF/F PN values from our results. N, fixation rates
were calculated with the equations of Montoya et al. (1996).
Considering the PN linearity limit of the mass spectrome-
ter (2.32 ugN), 3 times the standard deviation of time zero
values (natural >N of PN), and our usual filtration volume
(8.6 L) and incubation time (24 h), our volumetric N, fixa-
tion rate detection limit was 0.027 nmolNL~! d~!. The min-
imum quantifiable rate calculated using standard propagation
of errors via the observed variability between replicate sam-
ples was 0.006 nmol NL~!d~!.

2.4 Flow cytometry

Samples for cell enumeration were collected at the same
stations and depths as samples for the quantification of
N, fixation rates. Samples of 1.8 mL were fixed (0.25 %
electron microscopy grade paraformaldehyde, w/v) for 10—
15 min at room temperature in the dark, flash-frozen in lig-
uid nitrogen and stored at —80°C for later analysis using
a BD Influx flow cytometer (BD Biosciences, San Jose,
CA, USA). Samples were thawed at room temperature in
the dark, and reference beads (Fluoresbrite, YG, 1 um) were
added to each sample. The non-pigmented bacterioplankton
(hereafter bacteria) were discriminated in a sample aliquot
stained with SYBR Green I DNA dye (1: 10000 final). Be-
cause the Prochlorococcus population cannot be uniquely
distinguished in the SYBR stained samples in the upper wa-
ter column, bacteria were determined as the difference be-
tween the total cell numbers of the SYBR stained sample
and Prochlorococcus enumerated in unstained samples. Par-
ticles were excited at 488 nm (plus 457 nm for unstained
samples), and forward scatter (FSC; < 15°) , green fluores-
cence (530 /40 nm), orange fluorescence (580 /30 nm) and
red fluorescence (>650 nm) emissions were measured. Bac-
teria were discriminated based on their green fluorescence
and FSC characteristics. Cytograms were analyzed using
FCS Express 6 Flow Cytometry Software (De Novo Soft-
ware, CA, US).
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2.5 DNA extraction, sequencing and sequence analysis

Samples for DNA extraction were collected in duplicate in
4.3 L polycarbonate bottles and the total volume was filtered
immediately through 0.2 um Supor filters (Pall Gelman). The
filters were stored in bead beater tubes and kept at —80 °C
until analysis. Samples were collected from four depths (200,
500, 650 and 850 dbar) at all SD stations, with the excep-
tion of station SD5 where seawater for DNA analyses was
only collected at 500 dbar and station SD14 where only 200
and 800 dbar were analyzed. DNA was extracted using the
Qiagen Plant kit, with additional freeze—thaw, bead beating
and Proteinase K steps for sample preparation before the kit
purification, and elution to 100 uL as previously described
(Moisander et al., 2008). PCR was conducted using degener-
ate, nested nifH primers (Zehr et al., 2001) and the second-
round primers modified for Illumina library preparation us-
ing a Bio-Rad C1000 thermocycler. The PCR mix was com-
posed of 2.5 uL of 10X Platinum Taq PCR buffer (Thermo
Fisher), MgCl (2.5 mM final), dNTPs (0.2 mM final), primers
(1 uM final), 0.11 uL Platinum Taq and 4 puL. of DNA extract
(1 uL on second round) adjusted to 25 pL total volume with
nuclease free water. To alleviate PCR biases, PCR was con-
ducted in triplicate in each round of reactions for which first-
round triplicate reaction products were pooled, then 1uL
was used as a template in triplicate reactions on the sec-
ond round. A negative PCR control with water as a template
was included and treated in parallel with samples through
all the subsequent steps. Subsamples of the amplification
products were checked via 1.2 % TAE gel electrophoresis.
The second-round products showing a band of the expected
size were pooled and purified using a magnetic bead proto-
col (Ampure, Beckman Coulter). The purified products were
barcoded for Illumina (San Diego, CA, USA) MiSeq se-
quencing with Nextera indexes using the manufacturer pro-
tocol. The indexed products were purified again with mag-
netic beads, then quantified with a plate reader (Molecular
Devices, Sunnyvale, CA, USA) using PicoGreen (Thermo
Fisher). The indexed samples were adjusted to equal con-
centrations and pooled for multiplexing during sequencing.
The pooled sample was shipped to the Tufts University se-
quencing center (Boston, MA, USA) for paired end sequenc-
ing (2 x 300 bp). The quality of the pooled sample and se-
lect individual samples was checked with a bioanalyzer be-
fore the run. The resulting sequences were paired within
mothur (Schloss et al., 2009), and reads containing ambi-
guities or more than eight homopolymers were discarded.
The sequences were assigned to OTUs (at 97 % cutoff) us-
ing the UCLUST denovo picking method (Edgar, 2010) im-
plemented in MacQIIME v1.9.1 (Caporaso et al., 2010).
Low-abundance OTUs consisting of fewer than 15 sequences
across all samples were discarded from further processing. A
representative sequence of each OTU was extracted from the
data and quality processed in ARB (Ludwig et al., 2004),
removing sequences that did not conceptually translate or
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were otherwise of poor quality. These OTUs were removed
from further analysis. Remaining sequences were aligned
based on protein alignment of the nifH fragments in a public
nifH database (https://www.jzehrlab.com/nifh, last access: 15
September 2017). Aligned protein sequences were assigned
to nifH clusters using a decision tree statistical model, CART
(Frank et al., 2016). The sequence data were normalized to
the proportion of total reads in each sample. Total relative
abundances of sequences that fell in major nifH clusters were
used to create a heatmap within R Studio using the “ve-
gan” statistical package (Oksanen et al., 2015). Sequences
were further classified through a locally run blastp using the
nifH database as a reference (April 2015 database update).
A neighbor-joining tree was built in ARB with the 100 most
abundant OTUs across all samples.

3 Results

3.1 Hydrography, nutrients, DOC and bacterial
abundance

Sections of hydrographic variables (temperature, salinity) are
shown in Fig. 3a-b in Moutin et al. (2017), and nutrient
concentrations (NO; — i.e., NO; +NO, - and POi_) are
shown in Fig. 5a—b in Fumenia et al. (2018). DOC and bac-
terial abundance are shown in Fig. S1 in the Supplement.
All variables show a clear divide between the Melanesian
Archipelago waters (MA; stations SD1 to SD12) and the
South Pacific Gyre (GY; eastwards of SD12; Moutin et al.,
2017). Lower temperatures and salinity values (<8 °C and
~ 35, respectively) were measured below 450 to 600 dbar in
the MA, while they were detected at shallower depths east-
wards in the GY (Fig. 3a-b in Moutin et al., 2017). Nu-
trient concentrations were high throughout the mesopelagic
zone west of New Caledonia (>30uM NO, and >2uM
POi_; Fig. 3a-b in Fumenia et al., 2018). Sailing east-
wards, NO, in the MA region was <5uM between 150
and 250 dbar, with high concentrations >30uM being de-
tected at ~680dbar. Such high NO, concentrations were
detected at shallower depths (500 to 600 dbar) in the GY.
POi_ followed a similar pattern, with the highest con-
centrations detected at depths >500dbar reaching 2.5 uM
(Fig. 3a—b in Fumenia et al., 2018). DOC concentrations pre-
sented a pattern opposite to that of inorganic nutrients, with
<300 dbar presenting concentrations of 50-60 uM, lowering
to <40 uM below 600 dbar (Fig. S1a). Bacterial abundance
was > 1 x 107 cellsmL~! down to 300 dbar in the MA wa-
ters, while its numbers decreased abruptly in the GY, espe-
cially east of SD12 (Fig. S1b)

3.2 High-resolution analysis of DOM (FTICRMS)

FTICRMS analysis of DOM yielded ~ 13 500 molecular for-
mulae in each sample, covering a mass range between 150
and 1000 Da (measured in daltons). Each molecular formula
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Figure 1. Longitudinal section of N, fixation (nmol N L~ lda- 1) rates displayed as numbers overlying sized circles. For reference, the station

numbers are displayed on top of the panel.

was assigned to a given compound group as described in Sei-
del et al. (2014). According to this grouping, 4-31 % of all
compounds detected were oxygen-poor (O /C<0.5) unsat-
urated aliphatics, 16 % were oxygen-rich (O /C>0.5) un-
saturated aliphatics and 13 % were polyphenols, while sat-
urated fatty acids, sugars and peptides represented <3 %.
Compounds usually regarded as labile DOM (peptides, sug-
ars and saturated fatty acids) were relatively more abundant
in the MA (data not shown).

3.3 Aphotic N; fixation rates

Aphotic N fixation rates were measurable at all stations and
depths and ranged between 0.05 and 0.68 nmolNL~!'d~!
(Fig. 1). These rates did not seem to follow any longitudi-
nal or vertical pattern. However, the rates observed at sta-
tion SD13 (where a massive surface concentration of chloro-
phyll was observed; de Verneil et al., 2017) were on av-
erage ~ 5-fold higher than at the other stations (average
0.63+0.07nmolNL~1d—1).

3.4 Diazotroph community composition

There were 3317-146 864 (mean = 88 867, SD =42 574) se-
quences per sample after pairing and the QA / QC steps. The
negative control resulted in only eight reads belonging to six
OTUs. These sequences are likely a result of misbinning at
the time of sequencing, and therefore the negative control
was removed from downstream analysis. Shannon diversity
at the 97 % OTU level was not significantly affected by ei-
ther depth or station (one-way ANOVA p > 0.05). The major-
ity of nifH sequences fell to clusters 1 and 3, although clus-
ters 2 and 4 were represented in the transect at low relative
abundances (Fig. 2). Within cluster 1, subcluster 1G, which
contains Gammaproteobacteria, accounted for over half of
the total sequences (56 %, SD =38 %). With a few excep-
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tions, in samples with lower proportions of 1G, subcluster
3S was the most abundant group. Cluster 3S had high rela-
tive abundances at station SD10 and in the 200 and 500 dbar
depths of stations SD2 and SD12, as well as at 200 dbar
at station SD13. The cyanobacterial subcluster 1B was ob-
served at a very low relative abundance throughout all sta-
tions and depths (average 0.5 % of total community) and
included Trichodesmium, UCYN-A and Richelia. Consis-
tent variations in community composition among depths and
stations were not detected via cluster-based analysis; how-
ever, patterns emerged when observing data at the OTU level
in abundant clusters (Fig. 3). In subcluster 1G, reads most
closely matching an unclassified bacterium from the tropical
North Atlantic (Unc12217, E value =2.82 x 10~7%; Table 1,
Fig. 4) in the nifH database dominated the communities in
the 650 dbar depth, and this phylotype was found only at mi-
nor proportions in other depths. This phylotype had an ap-
proximately 83 % amino acid identity with Agrobacterium
tumefaciens (Table 1, Fig. 4). This phylotype was present
at high proportions across all other 650 dbar samples except
at station SD2, the westernmost station. Although identified
as “Other 1G” in Fig. 3, this trend was also true for sev-
eral other groups present only at the 650 dbar depth (best
matches with database sequences Unc12243, Unc12270 and
UncPr491; Table 1). An additional group was found only at
650 dbar in the easternmost stations (SD10-SD13), closely
matching a sequence from the Amazon River (UncM2163,
E value = 4.22 x 10~ 74; Table 1). Within the nifH cluster 3,
subcluster 3S was the most widespread and abundant, with
representation from three groups in the reference database:
Unc12045, UncB2403 and UncMal32. Sequences with the
best matches with Unc12045 (Genbank ID: ADV51583;
Turk et al., 2011) and UncB2403 (AAP48957; Steward et
al., 2004) were present at stations SD2, SD4, SD10 and
SD12, but had the highest relative abundance at station SD10,

Biogeosciences, 15, 3107-3119, 2018
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denovo 23x; UncBA780 North Pacific (AY191 961.1) (1G)
UncGA1 16 South China Sea (HQ586546);
UncM2172 Arabian Sea OMZ (JF429967) (1G)
denovo 67x)
UncN1704 umangrove (GU367888) (1G)
KlePneu6, Klebsiella pneumoniae (X13303.1) (1G)
denovo26730
denovo18467
VibDiaz2, Vibrio diazotrophicus (U23650.1) (1G)
g —— denovo 17x; UncB4174 Lake Michigan (AF286688) (1G)
Unc12217 marine surface water Atlantic Ocean (HQ611575.1)
Unc18425, sea water of Kuroshio, 15 m (AB679088.1)
denovo13401
M6445A01, S. Pacific 420 m
M6436A01, S. Pacific 600 m
denovo5448
denovo16320
UncM1011, South China Sea (HQ455908.1)
denovo7419
denovo13183
M6436A02, S. Pacific 600 m
M6445A07, S. Pacific 420 m
denovo32952
denovo 5x; M6434A01 S. Pacific 350 m

Unc11959, Florida Keys Reef water column, (HM601510.1)
UncMa992, South China Sea (HQ455889.1)
denovo14041
Unc17088, South China Sea, Spring 200 m (JN097379.1)
<F7 denovo 4x; UncMi432 from coral reef (EF174696) (1G)
TerTurne, Teredinibacter turnerae (CP001614.2) (1G)
denovo1734
denovo6047
denovo11568
UncBac78, from coral (EU693398) (10)
HihHalo4, Halorhodospira halophila (EF199951.1) (10)
denovo19894
MtmSpec2, Methylomonas sp. (AF378716) (1G)
MtmSpeci, Methylomonas sp. (AF378715) (1G)
M6433A01, S. Pacific 600 m
denovo2997
M6434A02, S. Pacific 350 m
M6434A03, S. Pacific 350 m
MgnSpeci, Magnetococcus sp. (CP 000471.1) (1G)

denovo 11x

M6432A03, S. Pacific 850 m

Unc12045, marine surface water (HQ611403)

UncB2403, from Mono Lake plankton (AY221802.1) (3S)

denovo 7x; UncMa122 N. Pacific seawater 200m (AY528678) (3S); Unc17125 S. China Sea surface (JN097416)
UncMa132 from Atlantic Ocean (AY896462) (3S)

denovo29481

denovo644

M6414A01, S. Pacific 250 m

DIbPropi, Desulfobulbus propionicus, freshwater mud (CP002364.1)
DsfVul10, Desulfovibrio vulgaris (CP002298.1) (3E)

UncB8962, marine microbial mats (GU193003.1) (3E)

denovo 6x (incl. denovo18755)

denovo18528
DsfMagne, Desulfovibrio magneticus (AP010904.1) (3P)
denovo11405

UncB2493, salt pond microbial mat (DQ140609.1) (3Q)
M6437A04, S. Pacific 400 m

denovo18224
UncB3412, greenhouse Microcoleus mat (AY244735) (3N)
denovo4832
DscAlken, Desulfatibacillum alkenivorans (CP001322.1) (3H)
denovo8223
M6439A07, S. Pacific 900 m
CloKluy3, Clostridium kluyveri (AP009049.1) (4F)
DesAceto, Desulfotomaculum acetoxidans

(ABTQO01000016) (4A)

Figure 4. The nifH amino acid neighbor-joining tree with the 100 most abundant OTUs from this study. Sequences beginning with “denovo”,
shown in red, are randomly chosen representative sequences from these OTUs (OTUs binned at 97 % identity). The clusters in the tree are
grouped at an approximately > 95 % sequence identity. The tree includes reference sequences (if uncultivated, the names of these sequences
start with “Unc”). The reference sequences are shown with accession numbers from the nifH database and with the cluster identifier shown
in blue if indicated in the nifH database. Additional sequences are included from a previous study in the South Pacific mesopelagic layers
(Benavides et al., 2015); these clones are labeled with the original clone names M64XXAXX and depths.
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Table 1. Blastp identities to members of the 1G subcluster.

M. Benavides et al.: Aphotic N, fixation

nifH ID Accession Study Location Closest cultivated relative
number reported (identity, E value)
UncM2172  ABV00657  Unpublished (Moisander and Gulf of Guinea  Vibrio diazotrophicus (98 %, 1e-71)
Subramaniam et al.)
Uncl2217 ADV51755  Turk et al. (2011) Tropical eas- Agrobacterium tumefaciens (83 %, 4e-55)
tern N. Atlantic
Unc18425 BANG66776  Unpublished (Shiozaki et al.) Northern S. Pseudomonas stutzeri (86 %, 1e-64)
China Sea
Uncl7727 ABV00657  Unpublished (Moisander and Gulf of Guinea  Klebsiella pneumoniae (100 %, 4e-95)
Subramaniam et al.)
Unc11967 ADV35118  Unpublished (Olson and Florida Keys Pseudanabaena cf. persicina (97 %, 3e-78)
Lesser)
UncMa745 ABX39720  Moisander et al. (2008) S. China Sea Pseudomonas stutzeri (96 %, 1e-70)
UncPr802 AEA49463  Fernandez et al. (2011) Eastern S. Vibrio natriegens (96 %, 3e-74)
Pacific
UncMa806 AAY60084  Langlois et al. (2005) Atlantic Ocean  Agrobacterium tumefaciens (96 %, 1e-70)
UncM2163 ABF21183 Unpublished (Hewson and Amazon River Vibrio diazotrophicus (81 %, 6e-55)
Fuhrman)
Uncl2136 ADV51674  Turk et al. (2011) Tropical eas- Agrobacterium tumefaciens (96 %, 2e-69)
tern N. Atlantic
Unc12270 ADV51808  Turk et al. (2011) Tropical eas- Vibrio diazotrophicus (79 %, 1e-52)
tern N. Atlantic
UncMa747 ABX39731 Moisander et al. (2008) S. China Sea Pseudomonas stutzeri (84 %, 6e-60)
Uncl2551 ADO20633 Halmet al. (2011) S. Pacific Gyre ~ Pseudanabaena cf. persicina (95 %, 2e-70)
UncMa832 ABD62932  Unpublished (Foster et al.) Atlantic Ocean  Pseudomonas stutzeri (84 %, 5e-60)
Uncl5356 AER93057 Unpublished (Lopez) Mexican oasis Pseudanabaena cf. persicina (95 %, 1e-78)
system soil
UncPr491 AEA49150  Fernandez et al. (2011) Eastern S. Pseudanabaena cf. persicina (98 %, 3e-76)
Pacific
Unc12243 ADV51781  Turk et al. (2011) Tropical eas- Vibrio diazotrophicus (80 %, 2e-54)

tern N. Atlantic

500 dbar at station SD2, and the 200 and 500 dbar depths
of station SD12. UncMal32 (AAS98182; unpublished) re-
lated groups were recovered from all stations at a low rel-
ative abundance, with the highest relative abundance in the
200 dbar samples from stations SD2, SD10, SD12 and SD13
as well as the 800 dbar samples from stations SD4 and SD10.
These 3S groups have no closely related cultivated isolates,
with the closest similarity with Spirochaeta aurantia (74—
78 % similarity, AF325792). All of the top 100 most abun-
dant OTUs fell in clusters 1 and 3 (Fig. 4). The majority fell
in the cluster 1G, with several additional phylotypes present
in addition to the major ones discussed above. Several OTUs
were closely related to previously described sequences from

Biogeosciences, 15, 3107-3119, 2018

the South Pacific Ocean mesopelagic layers (Benavides et
al., 2015). Magnetococcus sp., Methylomonas sp. and Tere-
dinibacter turnerae were among the closest cultivated repre-
sentatives to the cluster 1G OTUs recovered (Fig. 4). Among
the OTUs that fell into cluster 3, Desulfovibrio spp. were the
closest cultivated representatives in the NCBI database.

3.5 N fixation and diazotrophs related to in situ
environmental parameters

Bonferroni-corrected Spearman rank correlations showed
that N, fixation rates were only significantly correlated with
temperature (p =0.263, p =0.045), salinity (o =0.284,
p =0.029) and DOC concentrations (p =0.269, p =0.042;

www.biogeosciences.net/15/3107/2018/
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Figure 5. Redundancy analysis (RDA) ordination biplot showing the relationship between N; fixation rates, bacterial abundance, depth,
environmental variables (temperature, salinity and oxygen), dissolved organic matter (DOM) principal coordinates, dissolved organic car-
bon (DOC) and inorganic nutrient concentrations. The samples within the grey box were so similar to each other that their labels overlapped
when plotted, so in the figure they are listed in a zoom-out box on the left bottom corner of the panel.

note that these hydrographic variables and DOC were inter-
correlated; data not shown; Table S1 in the Supplement).
A redundancy analysis (RDA; Fig. 5) including hydro-
graphic variables, inorganic nutrients, DOC, bacterial abun-
dance, N, fixation rates and DOM PCoA scores indicated
that N, fixation rates were not related to DOM composi-
tional variability (Table S1). N, fixation rates from shallower
depths such as those from 200 dbar were significantly re-
lated to temperature, salinity, oxygen and DOC concentra-
tions, while the first principal coordinate of DOM related to
the majority of the samples. Stations SD13 and SD15 (east-
ernmost part of the transect, within the GY) were partly re-
lated to depth and NO, concentrations (samples from 650
and 800 dbar), while the rest of the samples of the profile ap-
peared very distant in the RDA plot (Fig. 5).

4 Discussion

The aphotic N fixation activity measured in the WTSP was
low (average 0.18 +0.07nmol NL~!d~") but consistently
detected across all depths and stations (Fig. 1), represent-
ing on average 13 and 51 % of photic Nj fixation in the
MA and GY waters, respectively (Bonnet et al., 2018), or
6—88 % of overall photic N> fixation across the whole OUT-
PACE transect. It is pertinent to note that aphotic N, fixa-
tion rates may be underestimated if a significant percentage
of the non-cyanobacterial diazotroph population is smaller
than 0.7 um (the nominal pore size of GF/F filters), as mea-
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sured N» fixation rates in non-cyanobacteria-dominated en-
vironments have been reported to be significantly higher
when smaller pore size filters are used (Bombar et al., 2018).
Aphotic N, fixation may contribute significantly to global
fixed nitrogen inputs if widespread throughout the ocean’s
mesopelagic zone (or deeper). Unfortunately, our ability to
assess this contribution remains hindered by the lack of spe-
cific N, fixation methods and our poor understanding of the
ecophysiology of non-cyanobacterial diazotrophs (Bombar
et al., 2016; Moisander et al., 2017).

N, fixation rates in aphotic environments correlate with
different DOM compound groups in different regions (Be-
navides et al., 2015, 2016), and nifH gene expression varies
among non-cyanobacterial diazotroph phylotypes when ex-
posed to conditions presumed to enhance their N, fixation
activity (Severin et al., 2015). N fixation was detected as low
rates across an oligotrophic-to-ultraoligotrophic transect in
the WTSP. These rates were not significantly correlated with
DOM compounds as identified by FTICRMS, although they
were positively correlated with DOC concentrations. Non-
cyanobacterial diazotroph communities are usually highly
diverse in aphotic marine waters (Hewson et al., 2007). If
such phylogenetic diversity also entails a broad metabolic
diversity and different affinities for DOM compounds, cor-
relations between DOM and non-cyanobacterial diazotroph
abundance, identity and/or N fixation activity will likely be
blurred. Such ecophysiological heterogeneity may also be re-

Biogeosciences, 15, 3107-3119, 2018
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flected by the lack of longitudinal and vertical patterns in the
N, fixation rates observed along the transect (Fig. 1).

Some depth- and longitude-related patterns were observed
within the potential diazotroph community, one of the ma-
jor patterns being a distinct A. tumefaciens-related phylo-
type from the major nifH subcluster 1G dominating at the
650 dbar depth. These sequences were unique from the 1G
sequences found at other depths and, with the exception of
station SD2, were found uniformly across stations. A poten-
tial driver for the depth variation seen at 650 dbar is the pres-
ence of the oxygenated Subantarctic Mode Water (SAMW)
at this depth (Fumenia et al., 2018). The high concentration
of oxygen in this water mass (190220 umol kg~ ') could po-
tentially be linked to this change in diazotroph community
to members that can withstand higher levels of oxygen. To
our knowledge, this is the first study identifying a relation-
ship between nifH community composition and large-scale
oceanographic circulation patterns in mesopelagic depths.
Unfortunately, the coverage of our samples throughout the
mesopelagic zone was not enough to represent all the differ-
ent water masses present and to identify patterns in Ny fix-
ation activity or diversity of diazotrophs according to water
mass distribution (see 7'/S diagram in Fig. S2).

Members of the 1G subcluster include a variety of
Gammaproteobacteria, and this group has previously been
reported at high numbers in tropical surface waters includ-
ing in the WTSP (Messer et al., 2017). In mesopelagic wa-
ters, transcripts from the 1G subcluster have been reported
in an oxygen-deficient zone in the Arabian Sea at a depth of
175 m (Jayakumar et al., 2012), and genes have been reported
from the WTSP from depths of 350-600 m (Benavides et al.,
2015). Closely related cultivated isolates to the sequences
found in this study include members of the Gammapro-
teobacterial genera Vibrio, Pseudomonas, Klebsiella and
Agrobacterium. The cyanobacterium Pseudanabaena also
had a relatively close relationship to the 650 dbar subclus-
ter 1G sequences. When the proportion of sequences from
subcluster 1G was low, members of cluster 3, primarily sub-
cluster 3S, tended to have higher relative abundances (mostly
east of the Tonga Trench, located between stations SD9 and
SD10; Fig. S1). The three major matches of sequences in
this study for subcluster 3S were sequences reported from
the surface waters in the North Pacific Subtropical Gyre, the
eastern North Atlantic and a hypersaline lake. The phylotype
most commonly observed at 200 dbar was most similar to se-
quences reported in the tropical North Pacific (AAS98182).
Cluster 3 is typically considered to contain obligate and fac-
ultative anaerobes including Spirochaeta and Desulfovibrio.
Cluster 3 diazotrophs were present in low gene copy numbers
in North Atlantic surface waters, even when NO; concentra-
tions were high (Langlois et al., 2008). Members of cluster 3
have also been recovered in the mesopelagic WTSP (Bena-
vides et al., 2015), although the present study reports longi-
tudinal variation as a primary driver of cluster 3 phylotype
diversity and relative abundance.

Biogeosciences, 15, 3107-3119, 2018
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The cyanobacterial subcluster 1B including Tri-
chodesmium, UCYN-A and Richelia was observed at a
very low relative abundance throughout all stations and
depths (average 0.5 % of total community), in agreement
with the findings of Caffin et al. (2017), who detected
those phylotypes in sediment traps deployed during the
OUTPACE cruise at 150 and 325 m. Dead Trichodesmium
colonies are thought to be mainly degraded in the photic
zone (Letelier and Karl, 1998), although the detection of
Trichodesmium in sediment traps and seawater samples ob-
tained from the mesopelagic zone (Agusti et al., 2015; Chen
et al., 2003; Pabortsava et al., 2017) suggests that decayed
dense blooms likely sink fast down the water column. The
detection of cyanobacterial diazotroph nifH sequences in the
mesopelagic zone calls into question whether the N fixation
rates measured are solely attributable to non-cyanobacterial
diazotrophs (Moisander et al., 2017). Cyanobacterial photo-
synthetic diazotrophs reach the mesopelagic zone through
sinking and sedimentation and thus are unlikely diazotroph-
ically active when devoid of light. However, recent studies
have detected photosynthetically active diatoms at depths
overpassing the mesopelagic zone (Agusti et al., 2015),
indicating that dead cell packages can be exported vertically
at high speed. Whether cyanobacterial diazotrophs remain
active when they reach the aphotic layer or whether they
die or shut down N, fixation on the way remains an open
question.

The data presented here are a significant contribution to
the scarce overall availability of aphotic Nj fixation rates,
specifically the few available rates from the WTSP. Despite
our limited knowledge of the ecophysiology of aphotic non-
cyanobacterial diazotrophs (Bombar et al., 2016), their ubig-
uity in the mesopelagic layer and the consistent detection of
N, fixation activity at all depths sampled during our study
suggest that aphotic Nj fixation may contribute to fixed ni-
trogen input in this area.

Data availability. All data and metadata are available at the French
INSU/CNRS LEFE CYBER database (scientific coordinator: Hervé
Claustre; data manager and webmaster: Catherine Schmechtig)
at the following web address: http://www.obs-vlfr.fr/proof/php/
outpace/outpace.php INSU/CNRS LEFE CYBER, 2017).
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