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SUJET DE DOCTORAT PROPOSE*

INTITULE™ : Diazotroph activity and diversity shaped by fine scale ocean dynamics

DESCRI

PTIF *:

I. State-of-the-art and project positioning
Most of the ocean surface is too remote to benefit from land and atmospheric inputs and only receives nitrogen from
dinitrogen (N2) fixation: the reduction of N2 to ammonia carried out by a single group of plankton called ‘diazotrophs’.
Diazotrophs play a crucial role in ocean biogeochemistry: they sustain ~50% of marine new primary production[1] and
contribute >70% to carbon sequestration in the vast open ocean regions[2,3]. Our current knowledge on diazotroph
diversity and activity (diazotrophy) derives from very distant spatiotemporal scales (Fig. 1):
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The current spatiotemporal gap between these approaches lies at the

‘fine scales’: dynamic seawater structures <200 km in size and <2

months in duration (pink ellipsoids in Fig. 1).

Fig. 1: The spatiotemporal scales of diazotrophy in the ocean. Light and dark
blue ellipsoids depict scales that have been studied to date. Pink ellipsoids

depict the current gap in knowledge: the fine scales.
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Small scale approaches deprive diazotroph communities from interacting with their environment, while large scale
approaches cannot reproduce the complexity of such interactions. As a result, the outcomes of these approaches do not
match and nitrogen inputs via diazotrophs remain unsolved. Because the ocean is alarmingly losing its ability to absorb
COz[4], constraining the role of diazotrophs is crucial to understand and predict the ability of the ocean to mitigate
climate change. We hypothesize that nitrogen inputs to the ocean are significantly impacted by the effect of fine

scale structures on diazotrophs.

Fine scale structures are usually studied with satellite remote sensing and numerical modeling[5,6]. These approaches
cannot capture the microbial processes that occur in situ. Hence, sampling at sea remains a must, but in situ
oceanographic cruises typically sample at sites separated by tens to a few hundreds of km. With a typical navigation
speed of ~12 km h-, the spatiotemporal resolution of these sampling approaches is insufficient to resolve fine scale

dynamics.

DEFINE will bridge the gap in the spatiotemporal scales of diazotrophy in the ocean by implementing at-sea high-
resolution measurements of diazotroph abundance and activity >10-50 times faster than those available today.
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Fine scales structures such as eddies, fronts and filaments drive vertical exchanges between the ocean interior and the
surface, uplifting or deepening seawater resources and creating and transforming microbial niches. The changes in the
structure and resources of seawater introduced by fine scales may be beneficial to some diazotrophs and detrimental for
others, depending on their physiology and metabolism. For example, seawater mass deepening in anticyclonic eddies
inhibits the upwelling of deep waters rich in nitrate enhancing diazotroph activity[7,8], promoting the accumulation of
floating diazotrophs such as Trichodesmium[9,10]. Conversely, accumulations of non-cyanobacterial diazotrophs (such as
Gammaproteobacteria) have been detected within cyclonic eddies, presumably due to the alleviation of limitation by other
nutrients uplifted from deep waters, such as phosphorus and iron[11]. These previous results stem from conventional
oceanographic cruises where the space and time that separated each sampling station was too large and slow to elucidate
the effect of fine scales. To improve the spatiotemporal resolution of sampling, in two recent oceanographic cruises we
used an automated sampler which allowed retrieving DNA samples every ~3-10 km, and quantified diazotrophs using
quantitative PCR (qPCR). During a cruise in 2017 we found a peak of Trichodesmium that coincided with the front at the

boundary of the Gulf Stream (Fig. 2).
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I1. Objectives

Fig. 2: Upper panel: abundance of Trichodesmium and diazotroph
activity (N2 fixation rates) across the Gulf Stream. Lower panel: current
speed from acoustic doppler current profiler data. Results from

Benavides et al., presented at the 2018 Ocean Sciences Meeting and

recently accepted for publication[12].

During another cruise in the South Pacific, we found a drastic
change from a dominance of Trichodesmium to a dominance of
Crocosphaera (a group of unicellular diazotrophs) when crossing
a front that was <25 km wide[13]. This steep change at the fine
scale would have gone unnoticed with a sparser sampling,
reinforcing the urgent need for high-resolution sampling in
oceanic diazotrophy research.

The overarching objective of DEFINE is to study the effect of fine scales on diazotrophy and their ultimate impact on
nitrogen inputs to the ocean. To that end, the following specific objectives are set:

1) To survey fine scale structures (WP1)

2) To implement high-resolution measurements of diazotrophy (WP2-3)
3) To identify the effect of fine scale structures on diazotrophs and their derived nitrogen inputs (WP4)

I11. Approach and methodology

WP1: Oceanographic cruises and physical parameters

The project will be developed thanks to three oceanographic cruises:

1) e-IMPACT cruise, Canary Islands (Northeast Atlantic), R/V Sarmiento de Gamboa June 2021.

2) SWOT cruise[14], New Caledonia (Southwest Pacific), R/V Alis February 2022.

3) FIGURE cruise, Gulf Stream (Northeast Atlantic) R/V Atlantic Explorer or BIOCAT-110OE2 cruise Bay of Bengal

(Indian Ocean) F/S Sonne June 2022.
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Before and during sampling, fine scales will be geolocated and monitored using the SPASSO software to target fine scale
structures of interest[15]. Current velocities, surface temperature and salinity will be continuously logged onboard using
underway and towed instruments. Day and night samplings will be combined to capture different diazotroph circadian
rhythms. Samples for nutrient analyses will be taken from the ship’s underway.

WP2: Diazotroph abundance

Plankton biomass will be sampled at high-resolution from the ship’s underway using the OCE-5, an automated device that
obtains samples as the ship navigates every ~15 min. Biomass will be later extracted to obtain DNA samples. Different
diazotroph groups will be enumerated using quantitative polymerase chain reaction (QPCR) assays as described in[16]. In
addition, we will develop an innovative method capable of quantifying diazotrophs in near real-time in situ. Diazotrophs
can be identified using fluorescently-labeled antibodies against their nitrogenase enzyme[17]. The goal is to adapt this
method to automated flow cytometry[18] using ‘nanobodies’: fluorescent antibodies small enough to penetrate the
living cell without prior permeabilization in <1 h[19]. Isolated anti-nitrogenase nanobodies will be produced at large
scales and fluorescently labeled at the CRCM Nanobody platform (Marseille, France). The nanobodies will be tested for
reactivity and specificity on cultured living diazotrophs and non-diazotrophic plankton controls. Immunolabeled
diazotrophs will be counted using the automated flow cytometer CytoSense, connected to the ship’s underway[18].

WHP3: Diazotroph activity

We will measure N2 fixation using the argon assay developed by our collaborator Sam Wilson (recently presented at the
2020 Ocean Sciences Meeting). The assay has been validated in diazotroph cultures and at sea in the frame of the project
OASIS (which Benavides co-leads with Sam Wilson) and provides a rate measurement every ~15 min.

WP4: Fine scale effects on diazotrophs and derived nitrogen inputs

The relationship between physical and biological data will be analyzed by multivariate statistical methods[20]. Nz fixation
rates will be extrapolated to the surface of fine scale structures to provide areal nitrogen inputs. As a control, N2 fixation
rates measured outside fine scale structures will be extrapolated to the area of the sampling region covered. These
comparisons will reveal the relative role of fine scale structures in providing fixed nitrogen over background sea
surface conditions dominated by large scale dynamics. Finally, a time-series of satellite data will be used to calculate the
total surface covered by fine scale structures in each target region along a whole year. Multiplied by the N2 fixation rates
measured within fine scale structures during our cruises, we will be able to provide diazotroph derived nitrogen inputs on
an annual scale.

IV. PhD student thesis planning (starting October 2020)

Competences acquired: Gas chromatography, stable isotope probing, isotope ratio mass spectrometry, membrane inlet
mass spectrometry, molecular biology (Illumina sequencing and qPCR), immunolabeling, flow cytometry, microscopy.
Training in Hawaii (December 2020): A visit of Dr Benavides and the PhD student are scheduled for December 2020 in
the frame of the Thomas Jefferson Fund project “OASIS” (coPIs Dr Wilson and Dr Benavides) to receive training on the
hydrogen-argon assay and test it onboard R/V Kilo Moana at station ALOHA.

Cruises: e-IMPACT (June 2021), SWOT (February 2022), FIGURE or BIOCAT-IIOE2 (June 2022).
Participation in conferences: The PhD student will participate in the ASLO meetings of 2021 and 2023. Other
participations in national conferences are foreseeable.
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DETAIL DU PROGRAMME FINANCANT LA RECHERCHE™ :
The proposed thesis relies on a comprehensive program of research projects, international collaborations and
oceanographic cruises devoted to study the effect of fine scales on diazotrophy.

o TONGA (ANR, INSU-LEFE-CYBER, obtenus): Co-Pis Sophie BONNET, Cécile GUIEU. The PhD candidate is
currently implementing his M2 work on the data and samples obtained from the TONGA cruise. The exploitation
of the results in the form of a scientific article and a congress presentation/poster are planned for late 2020/early
2021.

o DEFINE (LEFE-CYBER, obtenu): PI Mar BENAVIDES.

e OASIS (Thomas Jefferson Fund, obtenu): Co-Pls Mar BENAVIDES, Sam WILSON. Project devoted to the
development of the high resolution N2 fixation method implemented in WP3. This project will cover the mission
of the student to Hawaii to receive training on the method.

e DINDE (CEFIPRA, obtenu): Co-Pls Mar BENAVIDES, Arvind SINGH. Project investigating Nz fixation in the
Indian Ocean. Cruise opportunities have been granted to BENAVIDES onboard the German F/S Sonne.

e e-IMPACT (MICINN, obtenu): PI Javier ARISTEGUI. Project investigating the effect of fine scales on microbial
activity and diversity in the Northeast Atlantic Ocean. Cruise opportunity granted to BENAVIDES onboard the
Spanish R/V Sarmiento de Gamboa.

e SCAN (ERC, déposé): ERC Starting Grant project submitted by BENAVIDES to develop high resolution
diazotrophy measurements.

e SWOT (CNES, déposeé): PI Lionel GOURDEAU. Project submitted to CNES to study fine scales in the frame of
the NASA mission SWOT in New Caledonia. A proposal will also be submitted to the Flotte Océanographique
Francaise to request shiptime onboard the R/V Alis.

e FIGURE (EuroFleets, déposé): PI Mar BENAVIDES. Ship time requested to EuroFleets to implement high
resolution diazotrophy measurements on the Gulf Stream onboard the R/V Atlantic Explorer.
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