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The high diversity and global distribution of heterotrophic bacterial diazotrophs (HBDs) in the ocean has recently
become apparent. However, understanding the role these largely uncultured microorganisms play in marine N,
fixation poses a challenge due to their undefined growth requirements and the complex regulation of the nitro-
genase enzyme. We isolated and characterized Candidatus Thalassolituus haligoni, a member of a widely distrib-
uted clade of HBD belonging to the Oceanospirillales. Analysis of its nifH gene via amplicon sequencing revealed
the extensive distribution of Cand. T. haligoni across the Pacific, Atlantic, and Arctic Oceans. Pangenome analysis
indicates that the isolate shares >99% identity with an uncultured metagenome-assembled genome called Arc-
Gamma-03, recently recovered from the Arctic Ocean. Through combined genomic, proteomic, and physiological
approaches, we confirmed that the isolate fixes N, gas. However, the mechanisms governing nitrogenase regula-
tion in Cand. T. haligoni remain unclear. We propose Cand. T. haligoni as a globally distributed, cultured HBD mod-

el species within this understudied clade of Oceanospirillales.

INTRODUCTION

Nitrogen (N) is an essential macronutrient limiting primary pro-
ductivity in large areas of the surface ocean (I, 2). Biological dini-
trogen (N) fixation, a microbial process restricted to select groups
of microorganisms (i.e., diazotrophs) that reduce inert N, gas to
ammonia (NH3), partially alleviates N limitation within specific
oceanic regions (I, 3-7). As a result, this globally important process
is estimated to sustain up to 50% of ocean primary productivity
(1-6). Historically, marine N, fixation studies predominantly tar-
geted tropical, N-limited, and iron-replete oceanic regions due to
nitrogenase energetics and enzymatic requirements, leading to a
sampling bias toward large cyanobacterial diazotrophs such as
Trichodesmium (8-11). The advent of DNA-based approaches to as-
sess diazotroph diversity, first through the cloning and sequencing
of the nifH marker gene (12) and later through high-throughput
nifH amplicon sequencing [e.g., see (13)], led to the discovery of
additional free-living and symbiotic unicellular cyanobacterial di-
azotrophs that are widely distributed in the surface ocean (14-16).
NifH sequence data also revealed the ubiquitous presence of nifH
genes belonging to noncyanobacterial diazotrophs that are phylo-
genetically affiliated with the phylum Proteobacteria and have been
found to occupy both photic and aphotic oceanic regions (13, 17-
20). Subsequent global metagenomic surveys of marine microbes

'Department of Biology, Dalhousie University, Halifax, Nova Scotia, Canada.
2Department of Oceanography, Dalhousie University, Halifax, Nova Scotia, Canada.
3Integrated Microbiome Resource (IMR) and Department of Pharmacology, Dalhousie
University, Halifax, Nova Scotia, Canada. “Department of Cell and Molecular Biology,
Uppsala Universitet, Uppsala, Sweden. °Fisheries and Oceans Canada, Bedford
Institute of Oceanography, Halifax, Nova Scotia, Canada. Univ Brest, CNRS,
IRD, Ifremer, LEMAR, F-29280 Plouzane, France.

*Corresponding author. Email: s.rose@dal.ca (S.A.R.); julie.laroche@dal.ca (J.L.)
tPresent address: Department of Biology, Clark University, Worcester, MA, USA.
FPresent address: DOTCAN Institute, Halifax, Nova Scotia, Canada.

Rose et al., Sci. Adv. 10, eadn1476 (2024) 31 July 2024

also confirmed the importance of noncyanobacterial diazotrophs
throughout the world’s oceans (21) and exposed a fundamental
knowledge gap concerning their role within the marine N cy-
cle (20, 22).

Several globally important noncyanobacterial diazotrophs be-
long to the gammaproteobacteria [hereafter y-proteobacteria; (20)].
This large noncyanobacterial diazotrophic group displays diverse
lifestyles, ranging from free-living to particle-associated in both
oxic and suboxic waters (20). Members of this group have also been
observed in aphotic and photic zones of the tropical, subtropical,
temperate, and polar regions in both open and coastal waters (23-
27). To date, predominant noncyanobacterial diazotrophs have in-
cluded the Gamma-A group, prevalent in surface waters across
tropical/subtropical regions (18, 28), and the Gamma-4 group (29),
which has been recently recovered from both surface and deep wa-
ters of the temperate and tropical North Pacific (26). With most
diazotrophic sampling being historically focused on gyre systems
and warm water regions, there still remains a lack of comprehen-
sive study of heterotrophic bacterial diazotroph (HBD) groups,
including the dominant representatives (20, 26). Furthermore, cul-
turing efforts for globally important y-proteobacterial diazotrophs
have been hindered by knowledge gaps in their distribution,
community dynamics, and growth requirements. As a result, our
knowledge of the prevalent y-proteobacterial diazotrophs is largely
derived from the distribution of nifH sequence signatures and
metagenome-assembled genomes (MAGs) in select environments,
providing only a glimpse into their elusive lifestyle (18, 20, 21,
30-32). With limited knowledge of cell-specific N, fixation rates
(NFRs), growth condition preferences, and community interac-
tions, further progress in understanding noncyanobacterial diazo-
troph ecophysiology and overall global significance in the N cycle
critically depends on the availability of cultured representatives
with cosmopolitan distribution (20).
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Here, we describe Candidatus Thalassolituus haligoni, a previ-
ously uncultured HBD isolated from a coastal embayment in the
Northwest Atlantic (NWA) Ocean. Phylogenomic analyses demon-
strate that the bacterium belongs to one of the major clades of marine
y-proteobacterial diazotrophs (20, 21, 32) and, more specifically, is
affiliated with a large clade of diazotrophs within Oceanospirillales.
Through characterization of the genome, proteome, and physiology
of Cand. T. haligoni, we describe this isolate’s N, fixation capability
and preferential use of C, carbon sources for heterotrophic growth.
We further use several approaches [amplicon sequencing, quantita-
tive polymerase chain reactions (PCRs), and comparative genomics]
to demonstrate its cosmopolitan distribution, presence at high abun-
dances in the tropical, temperate, and polar regions, and genomic
similarities to a recently curated MAG from the Arctic Ocean. Given
its wide distribution, versatile genome, cultivability, and N, fixation
ability, Cand. T. haligoni is an important representative of a major
clade of y-proteobacterial diazotrophs within Oceanospirillales and
will contribute to understanding the functional role of HBD’s impact
of N fixation in a changing ocean.

RESULTS

Cand.T. haligoni—an HBD

The HBD, Cand. T. haligoni sp. nov. BB40, was initially isolated
from seawater collected at 10 m depth in 2014 (from 44°41'30"N,
63°38'30"W Halifax, NS, Canada; fig. S1). The flagellated, rod-
shaped bacterium grew as white colonies on amended f/2 medium
[6:1, Nitrogen:Phosphorous (N:P)] with a cell diameter of ~0.5 pm
(shortest axis) and ~2.5 pm (longest axis; Fig. 1A and fig. S2A).
Globular formations consistently visible at polar ends of cells are
likely storage compounds such as p-polyhydroxybutyrate (PHB).
The pure cell culture, grown in artificial seawater (ASW)-amended
£/2 medium (6:1, N:P), reached a maximum biomass of ~6 x 10'°
cells liter™" at growth rates of 0.7 to 0.9 day ™' before entering a pro-
longed stationary phase (>10 days) where cells formed small aggre-
gates (figs. S1B and S2). The isolate grew best with C4 dicarboxylic
acid substrates as sole carbon sources, while equivalent concentra-
tions of D-glucose did not support significant growth or biomass
accumulation (fig. S3 and text S1). An initial alignment of the full-
length 16S rRNA (ribosomal RNA) gene in Cand. T. haligoni re-
sulted in a pairwise identity of 96.54% to Thalassolituus oleivorans
(a nondiazotroph), supporting the view that the isolate likely be-
longs to the same genus within the order Oceanospirillales (family:
Oceanospirillaceae). We named the isolate Cand. T. haligoni. sp.
nov. BB40 to note the geographic site of its initial isolation.

Cand.T. haligoni belongs to a widely distributed clade in

the Oceanospirillales

The closed genome of Cand. T. haligoni is ~4.37 mega-base pairs
(Mbp) with an average GC content of 53.4%. The genome encodes
4019 putative protein-coding sequences (CDS) corresponding to
463 SEED subsystems and 61 RNA genes (tRNAs and rRNAs; Fig. 1
and table S1). Phylogenomic analysis of closely related genomes and
a nifH phylogenetic tree placed Cand. T. haligoni within a clade of
y-proteobacteria that are dominated by uncultured HBD MAGs re-
covered from large oceanographic metagenomic surveys [Fig. 2; (21,
32)]. Analysis of average nucleotide identity (ANI) and amino acid
identity (AAI) matrices (Fig. 3, A and B, and tables S2 and $3) also
supported phylogenomic clustering within the genus Thalassolituus
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(Fig. 2A). Whole-genome comparisons between Cand. T. haligoni
and closely related marine MAGs (HBD Gamma 04, 06, 08, 09, and
11; hereafter referred to collectively as y-HBD) fell below the species
threshold of 95% and above the genus threshold of 60% for ANI and
AAL, respectively [tables S2 and S3; (33, 34)], indicating that Cand.
T. haligoni constitutes a new species within the Thalassolituus genus.
In support of this, a phylogenomic tree places Parathalassolituus
penaei as the closest neighbor to Cand. T. haligoni, within a mono-
phyletic Thalassolituus clade (Fig. 2A). Given the ANI guideline
whereby new genera have <60% AAI compared to other known
genera, and since P. penaei had an AAI of 62% to T. oleivorans
(table S3), it is more parsimonious to place P. penaei within the
Thalassolituus genus (33, 34). In addition, re-assembly of a recent-
ly curated MAG from the Arctic Ocean (32), Arc-Gamma-03 (98%
complete; 87 contigs; 4.28 Mbp), shared 99% ANI identity with our
isolate (table S2 and Fig. 3). Although the Arc-Gamma-03 MAG is
not fully complete, it shares 100% pairwise identity with Cand.
T. haligoni for both its 16S rRNA and nifH genes (data S1A). We
therefore propose that the Arctic-recovered MAG and Cand.
T. haligoni belong to the same species.

The pangenome analysis between Arc-Gamma-03, P. penaei,
HBD Gamma 04, 08, 11, and Cand. T. haligoni identified a total of
21,956 genes belonging to the diazotrophic Thalassolituus clade, re-
sulting in 9047 total gene clusters, a core genome of 7309 shared
gene clusters, and 4597 gene clusters shared between two or more,
but not all lineages (Fig. 3C). The core genome included genes be-
longing to replication, lipid transport, transcription, energy produc-
tion, posttranslational modification, and translation (Fig. 3D and
data S1B). All nif genes from the six genomes analyzed were recov-
ered within the core genome. Of the 1042 gene clusters shared only
between Arc-Gamma-03 and Cand. T. haligoni, most belonged to
replication, mobilomes, DNA repair, secondary metabolism, cell
wall biogenesis, transposases, and DNA binding transcriptional
regulators or were of unknown function (data SIC). Analysis of
Cand. T. haligoni singleton genes identified 125 gene clusters, most
of which were functionally annotated to genes involved in defense,
transcription, mobilomes, energy conversion, general function, or
unknowns (Fig. 3E and data S1D).

Genome-predicted metabolic pathways in Cand.T. haligoni
The complete N fixation pathway, including 26 nif genes, is present
in the genome of Cand. T. haligoni and is distributed across three
gene clusters. The structural nif cluster includes the nifHDK genes
(Fig. 1C). The regulatory nif cluster contains the transcriptional
regulator nifA and repressor nifL and is located ~15,000 nucleotides
(nt) upstream of the structural nif cluster. The stability cluster, which
contains stability and accessory genes such as nifENXUWSVMZ
and sufA, is located 200,000 nt downstream from the structural clus-
ter. Genes embedded between the various nif clusters code for Cy4
transporters (dctPQM), electron transport (rnfABCDEG), molyb-
denum transporters (moaABCDE), and O, defense [hemerythrin
(hr)]. Overall, the three clusters constitute 20,000 nt of the genome,
with the stability cluster being the largest (Fig. 1C).

Several carbon degradation pathways for compounds such as
catechols, benzoate derivatives, lignin, PHBs, fermentation, and
genes for the central carbohydrate metabolism are predicted from
the genome annotation (Fig. 1D and table S1). Genes for the uptake
of diverse carbon sources were also abundant. In particular, the ge-
nome contains multiple genes for C, tripartite ATP-independent
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Fig. 1. Scanning electron microscopy and genomic, proteomic, and genome-assisted metabolic models of Cand. T. haligoni. (A) Cell morphology of the isolate
under N,-fixing conditions using scanning electron microscopy (SEM; top) and transmission electron microscopy (TEM; bottom). SEM magnification = 17.71 x 10°. Arrows
indicate flagella (F) and PHB granules (PHB). (B) Proteome-genome circular map under NO;™~ depleted conditions. Starting from the innermost ring: GC content (gray), GC
skew for forward (green) and reverse strands (magenta), leading and lagging strand CDSs (light purple), and detected proteins (blue). Arrows in the genome indicate
genes of interest [nif clusters, N, fixation-related genes are molybdate uptake and transformation genes (mod factors), TRAP-C4 uptake, and glutamine synthesis] and
have corresponding detected proteins highlighted in respective colors. White spaces in the proteome indicate regions not detected. (C) Nif clusters (red, blue, and orange)
and associated N; fixation genes (gray). N, fixation-associated genes include glycogen phosphorylase and glycogen uptake genes. Numbers along the line indicate base-
pair locations within the genome. A nucleotide break in the center of the diagram from 3,598,007 nt to 3,737,467 nt is represented by the zig-zag line in red (concatenated).
Clusters are color-coded to the associated nif clusters, with accessory genes to that cluster indicated by respective color hues. (D) Simplified metabolic schematic of the

isolate based on the genome annotation. The schematic was created using the RAST server (743) and BioRender.
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Fig. 2. Phylogenetic relationships of Cand. T. haligoni. (A) Phylogenomic analysis of 71 concatenated genes from 74 genomes. The maximum likelihood tree was con-
structed using Anvi'o and the Jones-Taylor-Thorton model. The concatenated protein sequences were subjected to 1000 bootstraps and visualized in FastTree. (B) NifH
maximum likelihood phylogenetic tree of 166 diazotroph sequences using K2+G model with 1000 bootstraps. Collapsed clades are scaled to the number of sequences

within the clade. y-Proteobacteria in both trees are highlighted in blue.

periplasmic (TRAP) transporters (51 genes), glycolate and glyoxyl-
ate interconversions (7 genes), glycerol-3 phosphate uptake (7 genes),
and mannose/sucrose uptake (1 gene; table S1). The isolate contains
well-developed systems for regulating intracellular O, levels such as
heme oxygenases, bacterial hemoglobin, hemerythrin, and several
superoxide dismutases. The genome also contains genes for the
CRISPR-Cas9 system, antibiotic resistance, a type IV pilus system,
and chemotaxis receptors (Fig. 1D and table S1). Genes for the up-
take and assimilation of fixed N (e.g., NH,", urea, and NO5~) were
also distributed throughout the genome (Fig. 1, B and D).

N, fixation and nitrogenase are detected over prolonged
nitrate exposure in Cand. T. haligoni cultures

Shotgun proteomic analyses confirmed the expression of 3144 pro-
teins in pure cultures of Cand. T. haligoni grown in a range of NO;™~
concentrations, accounting for 78.8% of the genome-predicted
proteome (Fig. 1B and data S2A). Hypothetical proteins accounted
for approximately 30% of detected proteins (930 proteins), while
ribosomal and N, fixation proteins accounted for 3% (83 proteins)
and 1.6% (52 proteins) of the total proteins, respectively (data S2B).
Of the 21.2% of proteins (848 proteins) that were not detected,
most were hypothetical proteins (464 proteins) and mobile ele-
ments (59 proteins; data S2B). Other undetected proteins included
motility- and chemotaxis-related proteins and some DNA repair
proteins. As cells were harvested in stationary phase, these pro-
teins were expected to be in relatively low abundance (fig. S4 and
data S2C).

Rose et al., Sci. Adv. 10, eadn1476 (2024) 31 July 2024

Expression of NifHDK and 40 of the 55 other proteins involved
in N, fixation regulation were detected across all NO3~ conditions
and replicates (Fig. 4A). Proteins that were detected in some but not
all biological replicates included MoaD, NifNVWMB, C4_supp,
NafY, hemerythrin (hr), RnfA_2, NtrC, and MoaB_2 (Fig. 4A). Du-
plicate copies of the electron shuttle complex, Rnf, encoded by two
small operons of six genes in the genome, were recovered within the
proteome, with 8 of the 12 proteins individually detected as a unique
peptide group (Fig. 4A and data S2D). NFR measurements ranged
from 0.004 to 0.014 fmol N cell ™" day™", with no statistically signifi-
cant differences observed between treatments (P = 0.16, « = 0.05).
Overall, the detectable NFR across the four sampling points in our
experiments indicated that a functional nitrogenase was present un-
der all growth conditions (Fig. 4B). Pairwise comparisons of protein
relative abundances across the four treatments also showed no sta-
tistically significant differences (P > 0.05), suggesting that in our
experiments NO3~ concentrations did not play a major role in the
regulation of nitrogenase expression in Cand. T. haligoni (data S2E).
Together, the expression of NifHDK proteins and the measured
NER confirm that the isolate was fixing N, when under prolonged
NOs3™ exposure.

Cand.T. haligoni has a cosmopolitan distribution

in the ocean

The nifH amplicon sequence variant (ASV) of Cand. T. haligoni was
detected at 100% identity in field samples covering a broad geo-
graphic range (Fig. 5). NifH distribution within a compiled dataset
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of 865 eDNA samples established the presence of Cand. T. haligoni
in the Arctic Ocean, in the North and South Atlantic and North
Pacific Ocean, as well as along the shelf break off Japan and the Eastern
China Sea (Fig. 5C). Cand. T. haligoni nifH sequence was also
detected at depths of 1200 m (fig. S5A). Attempts to detect variants
of the isolate by lowering the nifH gene ASV identity cutoff to 98%
did not yield significant results, suggesting that Cand. T. haligoni
is the dominant ecotype with respect to its nifH ASV signature
(fig. S5). On the basis of its nifH gene sequence, the geographic dis-
tribution of Cand. T. haligoni is much broader than other MAGs of
y-proteobacterial diazotrophs recovered from large metagenomic
surveys of marine microbes (e.g., HBD Gamma 04).

Rose et al., Sci. Adv. 10, eadn1476 (2024) 31 July 2024

A redundancy analysis (RDA) of qPCR data confirmed that
Cand. T. haligoni has a wide tolerance to various environmental
conditions, as it showed no distinct preference for dissolved inor-
ganic nitrogen (DIN) concentrations, chlorophyll a, or temperature
(fig. S5B). For example, nifH gene copies reached values up to
1.25 X 10° copies liter ™" in 0.03 uM NO5 ™ at 16°C during the GEOVIDE
cruise and up to 9 X 10° nifH gene copies liter ™" in 16 pM NO3~
at 1°C along the coast of Baffin Bay during the Canadian Arctic
GEOTRACES cruise (fig. S5A and data S3A). Although sampling
frequency was limited in deep water, nifH gene copies liter™! ranged
from ~1 x 10% to 1 x 10° copies liter ™! (fig. S5A; GEOTRACES). A
coastal weekly time series from the NWA showed concentrations
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reaching up to 107 and 10° nifH gene copies liter ' in euphotic and
aphotic zones, respectively (fig. S7). In this coastal time series, the
peak abundance of nifH gene copies per liter (>107) occurred in the
fall of 2015 and 2017 in surface waters with approximately 2 pM
DIN. During this same period, >10° nifH copies liter ' were de-
tected at 60 m depth, where DIN concentrations reached ~30 pM
(fig. S7). Overall nifH qPCR and amplicon sequencing demonstrat-
ed that Cand. T. haligoni is broadly distributed geographically and is
present in euphotic and aphotic regions of the water column (Fig. 5
and fig. S5A).

The nifH ASV signature of the isolate was recovered in both >3-pm
and 0.2- to 3-pm size fractions. However, in both the Bedford
Basin and Canadian Arctic samples, higher relative abundances for
the isolate’s nifH ASV were found in the 0.2- to 3-pm size fraction
than in the >3-pm size fraction (figs. S8 and S9), suggesting that the
isolate is free-living at least part of the time. The presence of the nifH
ASV signature within the >3-um size fraction suggests that the

Rose et al., Sci. Adv. 10, eadn1476 (2024) 31 July 2024

isolate may also be associated with larger particles through an epibi-
ont lifestyle, self-aggregation, or colonization of organic matter;
however, it is also possible that retention on >3-pm filters could
simply be due to biomass accumulation during the filtration of larg-
er volumes of seawater. Overall, Cand. T. haligoni appears to have a
heterotrophic lifestyle, is widely distributed throughout different
ocean basins, and is found throughout the entire water column, ir-
respective of the DIN concentration.

DISCUSSION

Cand. T. haligoni belongs to an important clade of marine
diazotrophs within Oceanospirillales

Our study establishes Cand. T. haligoni as a widely distributed HBD
within the Oceanospirillaceae family—a notable clade in the Ocean-
ospirillales order [class y-Proteobacteria] (Fig. 2). The closed ge-
nome of Cand. T. haligoni suggests that it has high metabolic

70f17

$20Z ‘S0 13BNy UO JoW B 8p UOIRILBLINI0Q 8P 81U8D -HI NI | Te 610'80us 105" MmM/:SA1y W) papeouMod



SCIENCE ADVANCES | RESEARCH ARTICLE

versatility for the degradation of simple and complex carbohydrates
and oil byproducts, as is commonly found in Oceanospirillales (35).
In addition to its N, fixation ability, the isolate has a full gene com-
plement for the synthesis and degradation of PHB granules (Fig. 1).
Oceanospirillaceae encompasses 26 diverse genera, representing
largely marine species (35). Most of the Oceanospirillaceae genera,
including Cand. T. haligoni, exhibit a wide temperature growth
range (4° to 37°C; fig. $9) and have genome sizes ranging from 2.2 to
5.7 Mbp. At ~4.3 Mbp, the isolate’s genome falls toward the upper
limit of this size range (35-37).

Cand. T. haligoni is the only known cultured N,-fixing represen-
tative of the Oceanospirillaceae family that is widely distributed
throughout the open ocean (Fig. 5C and fig. S5). Our ability to cul-
ture the isolate has provided valuable insights into the lifestyle of
other uncultured HBDs whose presence is only detected through
metagenomic or nifH amplicon sequencing (32). The global impor-
tance of Cand. T. haligoni is further supported by the recent discov-
ery of the Arctic-associated MAG known as Arc-Gamma-03 with
100% identity to the nifH and 16S rRNA genes of our isolate (32).
Whole-genome comparison (ANI/AAI = 99.37% identity) further
confirmed that Arc-Gamma-03 and Cand. T. haligoni belong to the
same species (table S3 and Fig. 3A). Hence, we propose that our
isolate is a key model species to study the ecophysiology of the di-
azotrophic Oceanospirillales clade in polar and temperate condi-
tions, as supported by the broad range of growth temperature
tolerated by Cand. T. haligoni (fig. S10). Moreover, of the 3585 CDS
in the Arc-Gamma-03 MAG, only 39 genes, mostly annotated as
hypothetical, did not have a homolog in the genome of Cand.
T. haligoni, highlighting the high similarity in metabolic potential
between the two genomes. In contrast to Shiozaki et al. (32), Cand.
T. haligoni was retained on a 0.2-pm filter in the NWA sector,
Labrador Sea, and Baffin Bay regions. The discrepancies between
our observations and those of Shiozaki et al. (32), who detected the
ASV of the isolate in the ultrasmall (<0.2 pm) size fraction, are cur-
rently unresolved, but the size differences may be due to dormancy;,
spore formation, or nutrient limitation causing a reduction in cell
size in a harsher environment (38, 39).

Similar to other taxonomic groups that include diazotrophs (e.g.,
cyanobacteria), the ability to fix N, gas is not universal among
Oceanospirillales, particularly in the genus Thalassolituus. Com-
parison between the phylogenomic and phylogenetic nifH trees
shows that several Thalassolituus species (e.g., T. oleivorans and
T. hydrocarbonoclasticus) do not contain the nifH gene, while other
close relatives within this clade do (Fig. 2). Pangenome analysis in-
dicated that Cand. T. haligoni, Arc-Gamma-03, P. penaei, and HBD
Gamma 04, 08, and 11 share most of the nif genes (i.e., nifHDK)
within the core genome (Fig. 3A). However, as the nifH gene of the
six genomes was placed within different clades, it is possible that
nifH acquisition occurred independently within each group from
different ancestral species (Figs. 2 and 3A). Lateral gene transfer
(LGT) has frequently been suggested as an explanation for the ac-
quisition of diazotrophy (40, 41), a pattern that may also apply to
HBDs within the Oceanospirillales clade. Furthermore, the pange-
nome analysis revealed that the six genomes contain multiple copies
of the homologous genes nafY and nifX (data S1B). Proteomic anal-
ysis confirmed the expression of these genes in Cand. T. haligoni,
suggesting that their presence serves as a built-in redundancy mech-
anism to ensure proper nitrogenase synthesis, as genetic knockouts
of either nifX or nafY in cyanobacterial diazotrophs significantly
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reduced NFR (42). As little is known about most HBDs, analysis of
the core genome can provide better insight into the necessary genes
required for clade classification of Oceanospirillales HBDs, niche
occupancy, and nitrogenase expression.

Genome and proteome point to multiple oxygen protective
strategies in Cand.T. haligoni

Although protective O, strategies and N fixation regulation are
relatively well understood in cyanobacterial (i.e., Trichodesmium,
Crocosphaera, and Anabaena) and terrestrial diazotrophs (i.e., Klebsiella,
Bradyrhizobia, and Rhodobacter), O, protection mechanisms in ma-
rine HBDs are not well characterized (19, 31, 43). Insights from
our genomic and proteomic approaches suggest that alginate bio-
synthesis (AlgZ), hemerythrin (Hr), bacterial hemoglobin (HbO
and Hmp), and cytochrome b may play a role in O, protective strat-
egies used by Cand. T. haligoni during active N, fixation (fig. S11).
Intracellular alginate serves dual roles in reducing O, by (i) promot-
ing cell aggregation to create suboxic environments and (ii) imped-
ing O, diffusion across the cell [fig. S2B; (44-46)]. We speculate that
intracellular O, levels are likely then regulated by cytochrome b, a
terminal oxidase in adenosine triphosphate (ATP) generation, and
by the O,-binding proteins, bacterial hemoglobin, and hemerythrin
(47-49). The hypothesis for multiple O, protective strategies is fur-
ther supported by a preliminary experiment where the level of these
proteins in Cand. T. haligoni was up-regulated by one order of mag-
nitude in a culture where the N fixation machinery reached 10% of
the protein mass fraction (data S4).

Nitrogenase activity may provide multiple metabolic
benefits to Cand. T. haligoni

Current theories on the evolution of the nitrogenase enzyme suggest
that abiotic sources of fixed N were likely abundant for early life in a
primitive reducing atmosphere. As life diversified, the finite supply
of fixed N could not support increasing demands as microorgan-
isms increased in biomass (50), leading to the development of N,
fixation as a means to meet the cellular N demand of an expanding
biome in a dwindling fixed N supply (51, 52). In the modern ocean
where fixed N is a limiting nutrient for growth and cellular function
of primary producers in large areas of the surface ocean (1), nitroge-
nase presently remains the only known enzyme complex that has
evolved to alleviate N limitation in the presence of an oxygenic at-
mosphere (52, 53). While the importance of N, fixation is recog-
nized, the various metabolic strategies to balance homeostasis,
nitrogenase expression, and O, protection remain enigmatic, espe-
cially in the widely distributed y-proteobacterial diazotrophs.

The detection of several regulatory proteins in the proteome re-
sponsive to redox balance and N starvation suggests that nitroge-
nase expression may play a role in alleviating environmental stress,
beyond N limitation within the isolate. This phenomenon has
been observed in some terrestrial diazotrophs like Azotobacter,
Rhodopseudomonas, and Rhizobia sp., to uphold cellular homeostasis
and redox balance within the cell (54-60). As most research focuses on
terrestrial HBDs, very few analyses have examined the function of
nitrogenase in marine HBDs. The regulatory proteins recovered
from the proteome of Cand. T. haligoni suggests two pathways for
N, fixation regulation. The first pathway is common to most diazo-
trophs, concerning the regulation of N, fixation by the N-sensing
NtrC/NtrB and the ammonium transporter AmtB signaling N
starvation within the cell, and initiating a cascade of N, fixation
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regulatory proteins starting with GInB (Fig. 4E: N, fixation—step 2).
The second predicted pathway governs cell redox balance similar to
that of Rhodobacter and Rhodopseudomonas through the protein
pair RegS and RegR (43, 61). Upon redox potential imbalance, the
enhancing binding protein, RegR, directly engages with RNA poly-
merase (6°*) on nifA, initiating transcription of the nif regulatory
protein [Fig. 4E: Redox—steps 2 and 3; (61)]. As our proteome anal-
ysis of nitrate-grown stationary cultures suggests that ~0.5% of the
proteome (Fig. 4C) was allocated to nitrogenase and its associated
proteins for diazotrophy, we hypothesize that these low cellular lev-
els of nitrogenase may either have served to maintain redox balance
or, alternatively, condition the cell for a rapid nitrogenase response
to N limitation (Fig. 4E). The results from nitrate grown cultures
(Fig. 4) are in contrast with a preliminary proteome obtained from
N,-grown cells (data S4), where the N, fixation machinery alloca-
tion was similar to that of Pseudomonas stutzeri and also within the
range of the reported protein mass fraction for diazotrophic cyano-
bacteria actively fixing N, [(62-64); text S2 and fig. S12]. While fur-
ther investigation with the isolate is needed, additional proteins
involved in potential N, fixation regulation (e.g., CbrA and CrcB)
also increased in relative abundance under fixed N-free conditions
[data S4; (64)]. This basal level of nitrogenase in HBDs may be more
common than previously thought (43, 55, 57); however, the sparsity
of proteomics data for HBDs is limiting the comparison with our
isolate.

Cand.T. haligoni is widely distributed in global oceans
Within the few cultured marine y-proteobacterial diazotrophs,
Cand. T. haligoni is so far the only known member of this group
with an observed global distribution (17, 20, 23). The isolate’s nifH
ASV signature has been recovered from polar, temperate, subtropi-
cal, and tropical regions. A strain-specific nifH qPCR assay also de-
tected the isolate throughout the North Atlantic Ocean in coastal
and open ocean habitats, in both surface and deep waters with vary-
ing concentrations of DIN and measurable NFR in overlapping re-
gions (i.e., GEOVIDE; Geo-2, 13, 21) [figs. S5 and S7 and table S4;
(65)]. NFR measurements and nifH-derived taxonomic informa-
tion obtained from the GEOVIDE cruise demonstrated that y-
proteobacterial diazotrophs contributed 28% of the total nifH
amplicon sequences (21,001 total reads), with a range in relative
abundance between 4% and 98% across the GEOVIDE stations [see
figures 5 and 6 from (65)]. Together, the above data thus highlight
the importance of y-proteobacterial diazotrophs’ (including Cand.
T. haligoni) contribution to the N cycle and the need to understand
the environmental controls on their mode of diazotrophic growth.
Given that there are currently few direct measurements of cell
densities for HBDs (31), TagMan qPCR assays have been used to
estimate the relative abundance of the dominant marine HBDs, de-
spite the caveats associated with this approach (11, 20). NifH-based
qPCR abundance estimates of Cand. T. haligoni are higher than
most other HBDs measured using similar qPCR-based approaches
(17, 18, 66) and often comparable to those of the oligotrophic,
surface-dominant Gamma-A (18), albeit with a different geographic
distribution (Fig. 5A). In addition, Cand. T. haligoni nifH gene is
even detected at levels comparable to those of the newly identified
nitroplast of Braarudosphaera bigelowii, formally known as UCYN-A
(approximately 10° nifH copies liter '), hence demonstrating its
importance in the pelagic environment (7, 67, 68). Because of its ver-
satile genome, ability to thrive on diverse carbon and N compounds,
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widespread distribution, and high nifH copy numbers, Cand.
T. haligoni appears to be an important cultured representative for
the exploration of the y-HBD clade identified in our phylogenomic
tree (Fig. 2).

Distribution patterns showing high coastal abundances in HBDs
have been observed before and have been attributed to the presence
of high concentrations of labile dissolved organic carbon (DOC) as
fuel for heterotrophic bacteria (30). Marine planktonic aggregates
are often suggested as potential habitats for HBDs, creating micro-
environments favorable to N, fixation in waters, which would other-
wise suppress nitrogenase activity [e.g., high dissolved O, and DIN
concentrations; (31, 69-72)]. During the GEOVIDE cruise, Cand.
T. haligoni nifH qPCR copies liter™! were highest during post-bloom
periods in the North Atlantic Subtropical Gyre, and the Irminger
and Labrador Sea—where DOC concentrations were also found to
be highest [fig. S4A; (73)]. The nifH gene copies liter ™! from the
coastal time series displayed similar patterns (fig. S6). The highest
nifH copy detection (107 nifH copies liter ") occurred shortly after
spring and fall phytoplankton blooms, with the isolate’s presence de-
tectable at all depths. The peak values seen in our time series data
were not specifically associated with the large (>3 um) or small (0.2
to 3 pm) size fractions, indicating that attachment to planktonic ag-
gregates or self-aggregation (fig. S2) may be facultative, in contrast
to Gamma-A (74). With the detection of Cand. T. haligoni through-
out the water column and in regions where high remineralization
is present, we suggest that the isolate acts as a key microbial player
not only for DOC remineralization but also for supplementing fixed
N to other phytoplankton and bacteria within these regions. The sig-
nificance of Cand. T. haligoni appearing in higher abundances post-
bloom is reminiscent of the colonization of young plants by the
terrestrial HBD strain, P, stutzeri A1501, where abundances increase
with older plants as DOC exudates become more complex and con-
centrated (64). By analogy, as the phytoplankton bloom progresses,
more DOC exudates are released as N limitation sets in, making
conditions more favorable for Cand. T. haligoni (75, 76). Since vari-
ous carbon compound mixtures and concentrations can elicit differ-
ent N,-fixing capability and growth behavior in HBDs, examining
the relationships to phytoplankton DOC will be imperative for fu-
ture culturing efforts and understanding the regulation of nitroge-
nase (64, 76). Similarly, the observations of Cand. T. haligoni at
depths greater than 1000 m suggest that this HBD may form aggre-
gates and sink, contributing to the recently identified role of diazo-
trophs in carbon export to the deep sea (77, 78).

Contribution of Cand. T. haligoni to the marine N cycle

In our experiments, NFR measurements obtained for Cand.
T. haligoni are comparable to those of the marine a-proteobacterium,
Sagittula castaena P11 [~1 X 1072 fmol N cell ™ day_l] (79). This is
in contrast to higher rates reported for P. stutzeri and Rhodopseudomonas
sp. (17, 80) and much lower rates (two orders of magnitude) for
Vibrio natriegens [Fig. 4D; (70)]. However, reported NFR mea-
surements for cyanobacterial diazotrophs are typically one to three
orders of magnitude higher than any HBD rates published to date,
in agreement with our results (17, 20, 79-81). Several hypotheses
could explain these pronounced NFR differences, such as (i) cyano-
bacteria potentially outcompete HBDs due to their ability to use
light energy, (ii) the enzymatic activity of nitrogenase varies be-
tween diazotrophic species occupying different temperature and
nutrient regimes, and (iii) the nitrogenase enzyme might serve
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alternative functions in HBDs, resulting in lower rate measurements
when engaged in distinct metabolic roles (61, 66, 82-85). While
NEFR measurements from other HBD cultures were taken during the
exponential growth phase, the results for Cand. T. haligoni presented
here were obtained in stationary phase, where NFR may be lower
than in exponential growth. As the relationship between NFR mea-
surements and cell growth phase appears to be species specific
among HBDs (86, 87), further experimental work is needed to bet-
ter assess NFRs that are more characteristic of the in situ lifestyle
for this microorganism. In general, NFR measurements of Cand.
T. haligoni fell within a mid-range compared to other cultured
HBDs, and we predict that higher rates may be achieved in the ab-
sence of fixed N (data S4). While HBDs exhibit lower NFR per cell
than cyanobacterial diazotrophs, their persistent presence in the
water column and ability to fix N irrespective of the surrounding
fixed N concentrations underscore their significance in the N bud-
get. Given the global distribution of Cand. T. haligoni, the low but
sustained NFRs shown here thus warrant a re-evaluation of biologi-
cal N fixation input from HBDs into the N pool [(6); data S4]. Our
study demonstrates that Cand. T. haligoni is present in the ocean
at abundances similar to the uncultured and widely distributed
Gamma-A and Gamma 4, and also to the haptophyte-associated com-
plex UCYN-A. Given Cand. T. haligoni’s abundance, cosmopolitan dis-
tribution, cultivability, genome availability, and representation in
MAGs from the Arctic Ocean, we propose Cand. T. haligoni as a
model marine diazotrophic representative for y-proteobacterial
HBDs, particularly from the Oceanospirillales clade. Leveraging the
isolate’s cultivation can allow for an in-depth exploration of the eco-
physiology of Arc-Gamma-03 and identify strain-specific variations
between the two genomes. Notably, the isolate defies current knowl-
edge on the regulation of N fixation, exhibiting constant N fixation
and Nif protein expression regardless of prolonged exposures to
fixed N concentrations. Further work is needed to explore an alter-
native role for nitrogenase, such as a redox balancing hub, as pre-
viously proposed for terrestrial HBDs. As N fixation in Cand.
T. haligoni can take place in the presence and absence of nitrate, we
propose that the Oceanospirillales clade of diazotrophs discussed
here may be a major contributor to the global marine N, fixa-
tion budget.

MATERIALS AND METHODS

Isolation and genome characterization

Water samples were collected in January 2014 at 1, 5, 10, and 60 m
depths from the Compass Buoy station in Bedford Basin (Halifax,
Nova Scotia, Canada; 44°41'30"N, 63°38’30"W); the station, home
to along-term oceanographic time series (88), is located in the inner
portion of the Halifax Harbour, surrounded by a large urban popu-
lation center and connected to the main harbor through a shallow,
narrow sill. The upper 30 m of the 71-m water column generally
encompasses the photic zone (fig. S1). Natural seawater samples
were aliquoted into 30-ml culture flasks and enriched with nutri-
ents, except for fixed N according to table S5. To simulate a repre-
sentative environment, samples from the photic zone (1, 5, and 10 m)
were incubated with a 12-hour light/dark cycle (1 and 5 m at 12°C
and 10 m at 5°C), while the 60-m sample was incubated at 4°C in the
dark. Incubated samples were re-enriched monthly with the nutri-
ent amendments as listed in table S5, and the presence of diazo-
trophs was monitored using nested nifH PCRs as described [see the
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“NifH community amplicon sequencing and qPCRs” section below;
(89)]. A sample from 10 m enriched with phosphate and iron tested
positive for the presence of nifH genes. Single bacterial cells from
this sample were sorted in a grid on 1.2% agar plates prepared with
N-free /2 ASW (90) using a BD Influx cell sorter. Plates were incu-
bated at 5°C (12-hour light/dark cycles) for 90 days. Single colonies
that grew on the N-free seawater agar plates (see fig. S2A) were
spread as mini-lawns on agar plates of the same composition and
allowed to grow for several days before they were screened again for
the presence of the nifH gene. Positive colonies were then trans-
ferred to diazotroph-selective YBC-II agar plates supplemented
with 15 mM sodium acetate as a carbon source. The purity of the
bacterial isolate was confirmed by sequencing of both the nifH gene
and the 16S rRNA gene amplicons.

For short read sequencing, the bacterial DNA was extracted
from 100 ml of prescreened nifH-positive culture using an AllPrep
DNA/RNA Mini Kit (QIAGEN). Modifications included (i) resus-
pending the cell pellet in 50 pl of lysozyme (20 mg/ml) and incubat-
ing for 5 min at room temperature, (ii) adding 45 pl of proteinase K
(20 mg/ml) and 600 pl of RLT buffer with 10 pl of f-mercaptoethanol
and incubating for 15 min at 52°C, and (iii) eluting the DNA in 50 pl
of AE buffer and RNA in 50 pl of ribonuclease (RNase)-free water.
DNA for long-read sequencing was extracted using QIAGEN’s
Genomic-tips 20/G and genomic DNA buffer set according to the
manufacturer’s protocol using 10-ml culture aliquots that were sub-
jected to three cycles of —20°C for 3 min and then 100°C for 5 min.
DNA concentrations for short and long read sequencing were mea-
sured using a NanoDrop 2000c spectrophotometer (Thermo Fisher
Scientific). DNA size and integrity for long read sequencing were
further verified by agarose gel electrophoresis, and a final concen-
tration was determined using a Qubit 4 fluorometer (Invitrogen).

Genomic sequencing was conducted at the Integrated Microbi-
ome Resource (IMR) at Dalhousie University (NS, Canada) using
both an Ilumina MiSeq and a Nanopore MinION device (91).
Nanopore sequencing was conducted for both short and long reads
to fully close the genome. The Illumina sequencing library was con-
structed using the Illumina Nextera XT kit with 5 to 10 ng of DNA
extracted for short read sequencing, dual-indexed, and then run on
a shared MiSeq run using 600-cycle v3 chemistry (300 + 300 bp
paired-end). The first run on the MinION involved 1 pg of DNA
extracted for short read sequencing that was sheared using a Covaris
g-TUBE [5000g for 1-min + 1-min recovery spin; (91)] to obtain
consistent DNA size. The short-read library was constructed using
the Nanopore SQK-MAP006 kit and run on an Mkl MinION de-
vice using an R7 flow cell for 48 hours. The second MinION
sequencing run used the SQK-RADO003 protocol following the man-
ufacturer’s instructions with unsheared DNA extracted for long-
read sequencing. The final hybrid genome assembly was constructed
with combined Illumina and MinION reads using Nanopolish and
the Canu Assembler [https://github.com/jts/nanopolish (92)]. The
fully closed genome was deposited to the National Center for Bio-
technology Institute (NCBI) and can be found under submission
number PRJNA1046103.

Scanning and transmission electron microscopy

Cultures grown without fixed N in f/2 ASW were pelleted at 15,000g.
The cell pellet was resuspended and fixed in 2.5% glutaraldehyde
diluted with 0.1 M sodium cacodylate buffer overnight at4°C. Samples
for scanning electron microscopy (SEM) and transmission electron
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microscopy (TEM) were processed at the Electron Microscope Facil-
ity and the Scientific Imaging Suite of the Biology Department, re-
spectively, both at Dalhousie University (NS, Canada). For SEM,
samples were pipetted onto poly-L-lysine-coated coverslips and al-
lowed to adhere for 20 min. Samples were then rinsed with 0.1 M
sodium cacodylate buffer (three 10-min washes) and secondarily
fixed with 1% osmium tetroxide for 2 hours followed by a distilled
water rinse. Dehydration occurred in a graded series of ethanol
(1 X 10 min at 50%, 2 X 10 min at 70%, 2 X 10 min at 95%, and
2 X 10 min at 100%), left to dry for an additional 10 min, and then
placed in a Leica CPD3000 Critical Point Dryer. Dried samples were
attached to SEM stubs using a double-sided carbon tab and coated
with 10-nm gold/palladium mixture (80/20) in a Leica EM Ace
600 sputter coater before analysis on a Zeiss Sigma 300 SEM (SE2
detector at 5 kV). For TEM, the samples were sequentially rinsed
three times with 0.1 M sodium cacodylate buffer, fixed for 2 hours
with 1% osmium tetroxide, rinsed with distilled water, and stained
with 0.25% uranyl acetate at 4°C overnight. The samples were then
dehydrated with a graduated series of acetone/H,O mixtures: 50%
acetone (10 min), 70% acetone (2 X 10 min), 95% acetone (2 X 10 min),
100% acetone (2 X 10 min), and anhydrous acetone (10 min). Then,
the sample was gradually infiltrated in Epon-Araldite resin, sequen-
tially as 3 parts anhydrous acetone to 1 part resin (3 hours), followed
by 1 part anhydrous acetone to 3 parts resin (overnight), and finally
with 100% Epon-Araldite resin (2 X 3 hours). After embedding in
100% Epon-Araldite resin, the sample was incubated at 60°C for
48 hours to cure. Ultrathin sections were cut using a Reichert-Jung
Ultracut E Ultramicrotome with a diamond knife and placed on 300-
mesh copper grids. Staining was performed as follows: 2% aqueous
uranyl acetate (10 min), two rinses with distilled water, lead citrate
(4 min), rinse with distilled water, and air-dried. Samples were
viewed using a JEOL JEN 1230 transmission electron microscope at
80 kV, and images were captured using a Hamamatsu ORCA-HR
digital camera.

Phylogenomic and phylogenetic tree construction

For the phylogenomic tree, genome sequences were retrieved from
NCBI and MAGs from the Tara Oceans project (21). Table S6 pro-
vides a name comparison of assigned names from Tara Oceans to
those used in this study to provide consistency across studies (21).
A multigene alignment was prepared in Anvio v7.8 (93) using di-
azotroph genomes and close relatives to the isolate. Contigs for
each genome were organized into an Anvio contigs database using
anvi-gen-contigs-database. Genome contigs were then scanned us-
ing hidden Markov models (HMM:s) for the Bacteria_71 collection
of single-copy marker genes using the command anvi-run-hmms
(93-96). The gene markers from each selected genome were concat-
enated and aligned using the command anvi-get-sequences-for-hmm-
hits. FastTree was then used to generate a maximum likelihood tree
from the aligned concatenated protein sequences using the Jones-
Taylor Thorton model and was subjected to 1000 bootstraps (97).
The nifH maximum likelihood phylogenetic tree was constructed
in MEGA X (98) using a collection of 166 nifH sequences aligned
via MUSCLE [codon; (99)], the Kimura two-parameter model
(100), and 1000 bootstrap replicates. For this tree, evolutionary rate
differences were also subjected to a discrete Gamma distribu-
tion. Both trees were visualized in iTOL (101). Phylogenomic and
nifH phylogenetic trees were constructed with genomes and nifH

Rose et al., Sci. Adv. 10, eadn1476 (2024) 31 July 2024

sequences that shared >95% identity with 16S rRNA and nifH
genes of Cand. T. haligoni, respectively.

ARC-Gamma-03 MAG re-assembly and pangenome analysis
The Arctic metagenomes from the TARA project (102) were repro-
cessed, binned, and reanalyzed (32). One of the bins assembled in
this process showed >99% identity with the Cand. T. haligoni ge-
nome. The genome of Cand. T. haligoni was therefore used as a
reference to recruit metagenomic reads from the TARA arctic
metagenomes. Briefly, 110 paired metagenome samples processed
in (32) were downloaded from the NCBI SRA database and mapped
to the genome of Cand. T. haligoni using bowtie2 (103). The
mapped reads were extracted and assembled using megahit (104)
with a minimum contig length of 1000 bases. The 223 contigs as-
sembled by megahit were scaffolded using the program ragtag
(105), resulting in 137 scaffolds (with a total length of 4,055,874
bases). The program prodigal (106) was then used to identify genes
from the scaffolds. The genes were compared to the KEGG, COG,
PFAM, and KOfam databases to annotate functions (107-109).

The pangenome analysis was conducted using Anvio v8 and work-
flows therein (93, 110). The contigs database for each genome was
populated with functional annotations according to NCBI's COG data-
base, the KOfam database of KEGG orthologs, and the Pfams protein
family database (107-109). Taxonomy estimations were done using
“anvi-run-scg-taxonomy” and “anvi-estimate-scg-taxonomy, which
use the Genome Taxonomy Database (GTDB) and Diamond (111,
112). Next, a genome database was created, combining all the contigs
databases for each genome, and the command anvi-pan-genome was
used for pangenome computation with parameters “-minbit 0.5,
“-mcl-inflation 10,” “--use-ncbi-blast” ANI scores were calculated using
anvi-compute-genome-similarity with PYANI (v0.2.7), and the pange-
nome was visualized using “anvi-display-pan” (110, 113).

Environmental DNA sampling and oceanographic data

Environmental DNA (eDNA) samples used for nifH amplicon se-
quencing and quantitative PCR (qPCR) assays were collected dur-
ing field studies conducted on the Scotian Shelf during an Atlantic
Zone Monitoring Program (AZMP) expedition [2014] (114), a GE-
OVIDE (GEOTRACES GAO01) transect across the North Atlantic
[2014], and a Canadian ArcticNet (GEOTRACES, GNO03) transect
through Baffin Bay and the Canadian Arctic Archipelago [2015].
Sample depths varied for each expedition but consisted of surface
(<20 m) and deep water (>20 m) samples (see data S3A for depth
details on each expedition). DNA samples were also collected from
the Bedford Basin Monitoring Program (BBMP) time-series site
weekly at 1, 5, 10, and 60 m throughout 2015-2019 [see (115, 116)
for more details on this eDNA time series]. Briefly, 0.5 liter of seawa-
ter from each depth was filtered through 0.2-pm Isopore polycar-
bonate filters (Millipore; 2015-2017) or size-fractionated through
3- and 0.2-pm filters (2018-2019). Filtered seawater samples were
maintained at —80°C until DNA extraction as described in (115,
116). Chlorophyll a, temperature, salinity, oxygen, and DIN for
BBMP are available from the Bedford Institute of Oceanography
(accessible at: https://www.bio.gc.ca/science/monitoring-monitorage/
bbmp-pobb/bbmp-pobb-en.php). Oceanographic data from re-
search expeditions (AZMP, GEOTRACES, and GEOVIDE) were
obtained from Conductivity, Temperature, and Depth (CTD) sen-
sors and are publicly available from datasets referred to in (114),
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IDP2021 (GEOTRACES Intermediate Data Product Group, 2021),
and https://doi.org/10.17600/14000200 (GEOVIDE). DIN concen-
trations were calculated as the total of NO;~ + NO,™ + NH;3".

NifH community amplicon sequencing and qPCRs

eDNA samples were subjected to nifH amplicon sequencing and
qPCR analysis for in situ detection of Cand. T. haligoni. Nested nifH
PCRs were used to amplify a portion of the nifH gene (327 nt) using
primers nifH3/nifH4 5'- ATRTTRTTNGCNGCRTA-3'/5'-TTYTAY
GGNAARGGNGG-3’ and nifH2/nifH1 5'-ADNGCCATCATYTC
NCC-3'/5'-TGYGAYCCNAARGCNGA-3’ (12, 117). Nested PCRs
followed the same protocol as (89). Positive nifH samples were then
subjected to next-generation sequencing on an Illumina MiSeq in-
strument following preparation methods listed in (116) at the IMR,
Dalhousie University, Halifax, NS, Canada. NifH sequences were
processed using QIIME 2 version 2019.7 (118) according to a modi-
fied protocol from (119). Primer sequences for nifH1/nifH2 were
removed using cutadapt (118) and denoised to ASVs using deblur
(120) with a trim length of 325 nt. ASVs with an abundance of
<0.1% were removed to account for MiSeq bleed-through. ASV
taxonomies were assigned using a classifier trained from sequences
collected in (121). NifH community sequences derived in-house are
deposited under NCBI Bioprojects PRINA930772 (BBMP), PR]J-
NA325151 (AZMP), and PRJNA931255 (GNO03). The sequence read
archive (SRA) datasets used in this study can be found in data S5.
These data were compiled through literature searches for Cand.
T. haligoni, and nucleotide alignments of the isolate to the ASVs
were generated from NCBI SRAs. Specifically, SRAs that contained
nifH amplicon sequencing from the marine environment were
downloaded and processed individually through QIIME 2 version
2019.7 following the same parameters as above. The nifH sequence
of Cand. T. haligoni was then aligned against reference ASV nifH
sequences generated from the SRAs to confirm publicly derived
samples with the isolate (data S5). NifH ASVs matching >98.45% to
Cand. T. haligoni were then traced back to the original SRA for the
number of associated reads and metadata (120, 122). ASVs identi-
fied as similar to Cand. T. haligoni and their accompanying read
data were downloaded and used for later ecotype variant analysis
(text S3).

TagMan qPCRs were conducted on eDNA samples using primers
andaprobespecificto Cand. T.haligoni: forward 5'-AGCCCGGTGT-
TGGTTGTG-3', reverse 5'-CGAGGAAGTTGATCGCTGTGA-3/,
and MGB probe 6FAM-5"-TCGCGGTGTCATCACAGCGATCA-3’
[Applied Biosystems; (91)]. BLAST searches were conducted for
primer and probe to ensure no other detection apart from the isolate
(91). Tenfold dilution standard curves (1 to 107 nifH gene copies
per reaction) were generated in triplicate using a double-stranded
gBlock DNA fragment (250 nt) 5'-ATCATGGAGATGGCTGCTGA-
AGCGGGCACTGTGGAAGATCTGGAACTGGAAGACGTACT-
GAAAAGTGGTTACGGAGACATCCGTTGCGTTGAGTCCG-
GTGGTCCAGAGCCCGGTGTTGGTTGTGCCGGTCGCGGT-
GTCATCACAGCGATCAACTTCCTCGAAGAAGAAGGTGCT-
TACGAAGACGATCTGGACTTCGTGTTCTACGACG-
TACTGGGTGATGTTGTGTGTGGTGGTTTCGCCATGCC-
GATTC-3' (IDT). gBlock concentration was measured on a Qubit
4 fluorometer before each use via a 1x HS dsDNA kit (Invitrogen).
Each 16-pl qPCR contained 8 pl of 2 X TagMan Universal PCR
master mix (Applied Biosystems), 0.64 pl of 6FAM probe (0.1 pM
final), 0.16 pl of forward primer (1 pM final) and 0.48 pl of reverse
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primer (3 pM final), 0.32 pl of bovine serum albumin (20,000 ng/pl;
NEB), 1.4 pl of UltraPure water (Invitrogen), and 5 pl of template
[either eDNA, gBlock DNA standard, or no-template control (water)].
Reactions were run on a ViiA7 real-time PCR using QuantStudio
software (Applied Biosystems) using 45 cycles of 10 min (95°C), 15's
(95°C), and 1 min (60°C). Assay efficiencies were calculated using
LinRegPCR V.11 (98% =+ 8% SD), and the limit of quantification
(LOQ) for each transect can be found in data S1 (Band C) (123, 124).

Culture experiments with nitrate as a fixed N source

Culture experiments shown in fig. S1 were grown in 50-ml nonvented
culture flasks with 220 pM NO;™ at 15°C with 12-hour light/dark
cycles. Cultures were sampled every 12 hours for cell density and
nutrients (NO;~, NH;™, NO, ™, and PO,>7). More detailed methods
can be found in text S1. Growth rates and maximum biomass were
compared across treatments to determine which carbon substrate
and concentration provided the fastest growth and highest biomass.
The favored substrate was then used for culture experiments below.

Samples used for shotgun proteomics and NFR in Fig. 4B were
collected from sacrificial cultures that were in stationary phase un-
der prolonged NO;3™ exposure. Nitrate concentrations in sampled
culture bottles decreased over time across a 10-day sampling period.
Sampling time points were conducted 3 days after inoculation [high
nitrate “HN” (100 pM)] and 9 days [low nitrate “LN” (2 pM)]. New
additions of NO3;~ were added (100 uM) after 9 days and cells were
harvested 1 hour after NO3™ addition (NN), and the medium nitrate
“MN” (50 pM) treatment was sampled 12 hours later. The re-
addition of NO3~ was done to follow the effects of a fixed N source
resupply on nitrogenase expression in the isolate. To ensure no in-
terference from the heavy '°N; isotope in proteomic measurements,
a total of nine biological replicates were used for each condition:
three for proteomic work and six for NFR measurements. For all
treatments, 285-ml cultures were grown in triplicate 300-ml poly-
carbonate bottles in f/2 medium prepared in ASW with a modified
initial nitrate concentration of 220 pM NO;3~ (6:1 N:P) + 6.4 mM
carbon (fumarate, 99% purity; Thermo Fisher Scientific) with 285 pl
of resazurin dye (Alfa-Aesar; 1:1000 final dilution; data S6). Sacrifi-
cial culture bottles were weighed before and after adding inoculum
and medium to identify any small variation in volume. The culture
medium was filter-sterilized using a 0.2-pm Sterivex filtration unit
(Millipore) and added to pre-sterilized incubation bottles. An in-
oculum of the pure culture was added to each flask (except blanks
that contained no cells) to reach an initial cell density of 400 cells/pl
within each bottle. Bottles were fitted with septum caps and stored
at 15°C with 12-hour light/dark cycles. Cell density, biomass collec-
tion, and nutrient samples were taken every 12 hours.

Cell density was measured on an Accuri C6 flow cytometer (BD)
using 1:1000 SYBR Green II dye (Invitrogen). Duplicate nutrient
samples were filtered (0.2 pm) into 15-ml centrifuge tubes and
stored at —20°C until later analysis on a Skalar San™ nutrient
analyzer.

NFR measurements with cultures grown with nitrate as a
fixed N source

NFR measurements were performed every 24 hours using the °N,
dissolution method on cultures as mentioned above (125, 126). En-
riched °N, seawater and natural abundance (NA) medium were
prepared from ASW identical in salt composition to the growth me-
dium used for the cultures. Details concerning the preparation and
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application of the 5N, method are similar to those of (127) with the
exception that ASW was not degassed before the '°N; gas spike to
limit changes to the water matrix. At the start of each incubation,
15 ml of enriched medium (5% final culture volume; 300 ml total
volume) was added to each designated harvest bottle ensuring that
no headspace remained. Cultures were sealed with septum caps and
incubated at 15°C for 24 hours. Triplicate exetainers were sampled
from each sacrificial culture of the NA condition to determine
background N, pool within samples. After exetainer collection,
samples were filtered onto 0.3-pm pre-combusted glass fiber filters
(Advantec), dried for 12 hours at 50°C, and stored in the dark at
room temperature until later analysis. Samples were analyzed with
a Vario Micro Cube elemental analyzer (Elementar Americas)
coupled to an Isoprime 100 Isotope Ratio Mass Spectrometer
(Elementar Americas).

N content and isotope composition of each sample was calculat-
ed using standard curves prepared with in-house standard com-
pounds calibrated against international reference materials USGS
40 and USGS 41 [United States Geological Survey (USGS)]. In-
house standards for both NA and '°N,-enriched particulate samples
included L-glutamic acid (99% purity, Sigma-Aldrich), glycine (99%
purity, VWR), and nicotinamide (99.5% purity, Sigma-Aldrich).
The enriched certified reference material IAEA 305B (815N 375.3%)
was used to calibrate the analysis of enriched samples only (128).
Error rates, limits of detection (LODs), and LOQ were calculated
according to (129) and data S7. LOD was determined using three
times the SD of the isotopic composition of the corresponding NA
sample for each experiment, while LOQ was determined using
10 times the same value. NFRs were calculated by measuring the
isotopic tracer enrichment within the particulate material using the
following equation

APNg . —APN, [PN]
AN, —APN, At

where APNj,; and APN, represent the 5N-Atom% in the particu-

late nitrogen (PN) incubated with and without the N-N, tracer,

respectively. AN, represents the ’N-Atom% dissolved in seawater.
At is the length of time for the incubation.

N, fixation rate(NFR) =

(1)

Protein extraction, digestion, and liquid chromatography-
tandem mass spectrometry

Protein was extracted as described in (130) with slight modifications
(text S4). Protein extracts were digested with trypsin using S-traps
(Protifi) with a modified procedure (texts S4 and S5). Once desalted,
samples were solubilized in 1% formic acid and 3% acetonitrile and
analyzed by reverse-phase liquid chromatography-tandem mass
spectrometry (LC-MS/MS). For each sample, 1 pg (3 pl) of total
peptide was directly injected onto a 100 pm X 40 cm column con-
taining 4-pum, 90-A, Proteo C18 beads (Phenomenex, Torrance,
CA), self-packed in a fused silica emitter tip (New Objective,
Woburn, MA). Chromatography was performed using a Dionex Ul-
timate 3000 UHPLC (Thermo Fisher Scientific, San Jose, CA) at a
flow rate of 0.25 pl/min. Peptides were separated using a gradient of
5 to 20% B over 57 min, then 20 to 50% B over 8 min, followed by
4 min at 95% B, where B solvent was 0.1% formic acid in acetonitrile
and A solvent was 0.1% formic acid in high-performance liquid
chromatography (HPLC)-grade water. Column outflow was inter-
faced to an Orbitrap LUMOS Tribrid with a Nanospray Flex ion
source and FAIMS Pro ion mobility filter (Thermo Fisher Scientific,
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San Jose, CA). The ion spray voltage was 1800 V; and the ion transfer
tube was 300°C. FAIMS was operated with standard resolution and
a total carrier gas flow of 4.6 liters/min. Three FAIMS compensation
voltages were applied over a fixed 3-s cycle time, 1.2 sat =50 V, 1.2's
at =65 V, and 0.6 s at —80 V. MS' scans were performed using the
Orbitrap with a 400 to 1600 mass/charge ratio (/z) mass range and
120,000 resolution (Profile mode, AGC target 100%—4 5, Max IT
50 ms—Auto, RF lens 30%). Data-dependent MS/MS scans were
acquired in parallel in the iontrap (Centroid mode, ACG target
100%—1 e4, Max IT 35 ms—Dynamic, Rapid scan rate) with a
1.6-Da quadrupole isolation window and high-energy collisional
dissociation (HCD) fragmentation with 30% collision energy. The
minimum intensity threshold for MS” selection was 5000, and ions
were selected from most to least intense.

Protein identification and quantitative analysis

Raw spectral files from MS were processed using Proteome Discoverer
(V.2.5) (Thermo Fisher Scientific, San Jose, CA). SEQUEST HT
searches were performed against the genome of Cand. T. haligoni
and combined with a list of common protein contaminants from
UniProt (common Repository of Adventitious Protein). The precur-
sor (MS!) and fragment (MS?) mass tolerance were 10 parts per million
(ppm) and 0.6 Da, respectively. Decoy database searches were per-
formed, and a strict false discovery rate of 1% and maximum ACn
of 0.05 were applied and validated using Percolator (131). Precursor
peak area quantification was performed using the Minora feature
detector. Because of a low number of quantified peptides in two
replicates (samples 29 and 32), these samples were removed from
downstream analysis. All unique peptides matching identified pro-
teins and razor peptides were used for quantification. Data are
available at ProteomeXchange (accession number: PXD045743).
Scripts to reproduce the dataset analyzed are available at: https://
github.com/bertrand-lab/.

Protein normalization and functional group determination
Protein abundance was calculated by taking the sum of MS' peak
areas for all unique peptides plus razor peptides matching to that
protein. Individual protein abundances were normalized to total
protein abundance (sum of all protein abundances) for each sample.
Quantification for detected proteins can be found in data S2D. The
row z score was calculated for each protein across the four treat-
ments (Fig. 4A). The proteomic mass fraction displayed in Fig. 4C
was calculated by taking the sum of all peptide MS' peak areas spe-
cific to the category of interest (i.e., N fixation) and dividing by the
sum of all peptide assigned MS' peak areas in the sample (132).

Statistical analysis and data visualization

All graphical and statistical analyses were conducted in R version
4.2.2 via R Studio 2022.7.2 (R Core Team; RStudio Team 2020) with
the ggplot2 package therein to generate graphs (133). RDA was con-
ducted on qPCR values of Cand. T. haligoni with corresponding
oceanographic measurements (temperature, oxygen, chlorophyll,
nitrate, and salinity) to assess for any environmental sensitivity
(data S3A). R packages for RDA analysis included BiocManager,
Tidyverse, and Vegan (134-136). Both qPCR and oceanographic data
were first standardized using decostand in Vegan (method = stan-
dardize) (136). The envfit function in vegan was used to fit the envi-
ronmental vectors onto the ordination plot with 999 permutations
(data S3B). Pairwise comparisons were conducted between the
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relative abundances of individual proteins for each treatment in
Fig. 4A, and statistical values were adjusted using the Benjamini-
Hochberg correction (o = 0.05; data S2E). NFR measurements were
subjected to a Kruskal-Wallis test (« = 0.05) using the rstatix
package (137).

Spatial distribution maps were made using Ocean Data View
5.6.3 using qPCR values and oceanographic data (Ocean Data View,
https://odv.awi.de). To assess the dominance of the isolate compared
to other y-proteobacterial diazotrophs, nifH amplicon sequences
were collected from the same database compiled for isolate detec-
tion (see the “NifH community amplicon sequencing and qPCRs”
section). ASV identity cutoffs included an E value of —150 and a bit
score of 600. ASV's considered related to the isolate included those
with a percent identity >98.45%. These cutoff values were selected
to account for any single-nucleotide polymorphisms and potential
PCR amplification errors. Dominant y-proteobacterial nifH ASV's
were identified as those ASVs that (i) were not singletons, (ii) had a
total of at least 50 reads across all 865 surface water samples (0 to 30 m;
internal and SRA database), and (iii) were present in at least 80 sta-
tions. Relative abundances were calculated for the entire dataset,
and all y-proteobacterial nifH ASVs were subset from these data. To
avoid overplotting of surface stations, only depths with the highest
relative abundance of y-proteobacteria ASVs were plotted. Maps of
dominant ASV relative abundances and their geographic distribu-
tions were generated with ggplot2 using the geom_sf() command
and the following packages: rnaturalearth, cowplot, naturalearth-
data, Scatterpie, and ggspatial (138-141).The general genome sche-
matic and nitrogenase regulation pathway of the isolate were created
using BioRender (www.biorender.com). Proteome mapping of
Cand. T. haligoni was annotated using CG viewer and the Proksee
server (142, 143).

Note added in proof: We would like to acknowledge the recent
findings concerning gamma-A published in B. Tschitschko et al.,
Rhizobia-diatom symbiosis fixes missing nitrogen in the ocean.
Nature 630, 899-904 (2024).
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