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Abstract 

Biolo gical dinitro gen (N 2 ) fixation supplies nitrogen to the oceans, supporting primary productivity, and is carried out by some bac- 
teria and ar c haea r eferr ed to as diazotr ophs. Cyanobacteria ar e conv entionall y consider ed to be the major contributors to marine N 2 

fixation, but non-cyanobacterial diazotrophs (NCDs) have been shown to be distributed throughout ocean ecosystems. However, the 
biogeochemical significance of marine NCDs has not been demonstrated. This re vie w synthesizes multiple datasets, drawing from 

culti v ation-inde pendent molecular techniques and data from extensive oceanic expeditions, to provide a comprehensive view into 
the di v ersity, bio geo graph y, ecoph ysiology, and activity of marine NCDs. A NCD nifH gene catalog was compiled containing sequences 
from both PCR-based and PCR-free methods, identifying taxa for futur e studies. NCD a bundances fr om a nov el data base of NCD nifH - 
based a bundances wer e colocalized with envir onmental data, unv eiling distinct distributions and environmental drivers of individual 
taxa. Mechanisms that NCDs may use to fuel and regulate N 2 fixation in response to oxygen and fixed nitrogen availability are dis- 
cussed, based on a meta bolic anal ysis of r ecentl y av aila b le Tara Oceans expedition data. The inte gr ation of multiple datasets provides 
a new perspecti v e that enhances understanding of the biolo gy, ecolo gy, and bio geo graphy of marine NCDs and provides tools and 

directions for future resear c h. 

Ke yw ords: diazotrophs; marine nitrogen cycle; nitrogen fixation; non-cyanobacterial diazotrophs 
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Introduction 

Biological dinitrogen (N 2 ) fixation is the microbial process,
whereby otherwise inert N 2 gas is reduced to biologically avail- 
able nitrogen (N) in the form of ammonia (NH 3 ). In the oceans, the 
N supplied through this process can support primary productiv- 
ity, especially in N-limited surface waters and, consequently, the 
v ertical tr ansport (export) of carbon (C) to the deep ocean (Karl et 
al. 1997 , Knapp et al. 2018 , Zehr and Capone 2021 ). More broadly,
the balance between N inputs from N 2 fixation and losses from 

denitrification and anaerobic ammonium (NH 4 
+ ) oxidation set the 

oceanic inventory of reactive N, impacting the global C cycle and 

Earth’s climate system (Gruber and Gallo w ay 2008 ). Rates of N 2 

fixation in the oceans have strong biogeographical patterns, with 

the highest rates measured in surface open-ocean and coastal wa- 
ters of the tr opics, subtr opics, and temper ate zones (e.g. Ca pone 
et al. 2005 , Berthelot et al. 2017 , Tang et al. 2019b ), and lo w er rates 
in polar regions (Blais et al. 2012 , Sipler et al. 2017 , Shiozaki et 
al. 2020 ) and the deep sea (r e vie w ed b y Moisander et al. 2017 , Be-
navides et al. 2018a ). Marine N 2 fixation has been best described 

in epipelagic en vironments , where rates are generally limited by 
temper atur e, nutrient [phosphorus (P) and iron (Fe)] concentra- 
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ions , and N:P and/or N:F e ratios (Mills et al. 2004 , Moore et al.
009 , Letelier et al. 2019 , Tang et al. 2019a ). 

While the importance of N 2 fixation to marine biogeochemi- 
al cycling is indisputable, there is still uncertainty concerning 
hic h N 2 -fixing micr oor ganisms (diazotr ophs) contribute to this
rocess in marine euphotic waters. Earl y micr oscopy-based anal-
ses established the importance of filamentous c y anobacterial di-
zotr ophs ( Tric hodesmium and heter ocyst-forming symbionts of di-
toms) in tropical and subtropical surface waters (e.g. Dugdale et
l. 1961 , Mague et al. 1974 , Venrick 1974 , Carpenter and Price 1977 ,
aino and Hatori 1980 ). More recently, marine diazotrophic diver-
ity has been investigated using molecular a ppr oac hes tar geting
he nifH gene, which encodes the two identical subunits of the Fe
rotein of the nitrogenase enzyme complex and serves as a phy-

ogenetic marker (Zehr and McReynolds 1989 , Gaby and Buckley
011 ). These a ppr oac hes led to the discovery of diverse c y anobac-
erial diazotrophs in the open ocean, as well as diazotrophs from

an y linea ges not within the phylum Cy anobacteria, which w e
efer to as non-c y anobacterial diazotrophs (NCDs; see Box 1; Zehr
t al. 1998 ). Subsequent ocean surveys sho w ed that nifH genes
rom NCDs are ubiquitous in marine waters and can r eac h higher
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 elativ e abundances than their c y anobacterial counterparts (Rie-
ann et al. 2010 , Farnelid et al. 2011 ). Ho w e v er, v ery fe w marine
CDs have been cultivated and the few isolates that exist have not
r ovided unequivocal e vidence of N 2 fixation in situ (Bostr om et
l. 2007 , Farnelid et al. 2014 , Bentzon-Tilia et al. 2015a , Martinez-
erez et al. 2018 ). To date, direct demonstrations of NCD N 2 fix-
tion in situ using culti vation-inde pendent approaches are ex-
r emel y limited. T hus , the biogeochemical significance of NCDs
emains unknown. 

Box 1. The case for using the term ‘non-c y anobacterial 
diazotroph’ 

This r e vie w focuses on micr oor ganisms r eferr ed to collectiv el y 
as non-c y anobacterial diazotrophs , or NCDs . T his term was 
pr e viousl y defined by Moisander et al. ( 2017 ) and includes 
all diazotrophic bacteria and archaea not part of the phylum 

Cyanobacteria. We argue that the term NCD is more accu- 
rate than other terms used in the marine liter atur e, suc h as 
‘heter otr ophic diazotr ophs’ and ‘heter otr ophic bacterial dia- 
zotrophs.’ 
Diazotr ophic div ersity is typicall y c har acterized by sequencing 
the nifH gene, which largely has congruence with 16S rRNA 

gene-based phylogeny (Zehr et al. 2003 ). This congruence is 
strong for c y anobacteria, such that if unknown sequences group 
within nifH Cluster 1B, they are phylogenetically distinguished 
as c y anobacteria. Most of these organisms are photoautotrophs, 
capable of using light as a source of energy and carbon diox- 
ide as a C source, though there are some notable exceptions 
found among unicellular c y anobacterial symbionts of hapto- 
phytes and diatoms (Tripp et al. 2010 , Nakayama and Inagaki 
2017 ). 
Unfortunately, nifH gene sequences are not easily used to pre- 
dict the metabolic strategy a particular NCD may use to acquire 
energy and C. Although there is some congruence between nifH - 
and 16S rRNA gene-based phylogenies for non-c y anobacteria, 
ther e ar e exceptions for important marine phyla, including the 
pr oteobacteria, whic h ar e spr ead acr oss m ultiple nifH clusters 
(Table S1, Supporting Information). More broadly, it can be chal- 
lenging to infer metabolic potential from a single gene. Even 

well-established phylogenetic markers like the 16S rRNA gene 
are difficult to use for resolving species- and strain-level iden- 
tities (Johnson et al. 2019 ), whic h ar e needed to infer metabolic 
str ategies fr om gener a containing high metabolic div ersity, suc h 

as the γ -proteobacterial genus Pseudomonas (Jun et al. 2016 ). 
Since nifH gene sequences cannot be used to accur atel y infer 
the metabolic potential of all NCDs, the terms ‘heter otr ophic 
bacterial diazotrophs (HBDs)’ (Delmont et al. 2018 ) or ‘het- 
er otr ophic diazotr ophs’ (Gr adoville et al. 2017a ) could poten- 
tiall y be inaccur ate . For example , γ -pr oteobacterial diazotr ophs 
within Cluster 1G include cultiv ated micr oor ganisms with di- 
v er gent metabolic str ategies , e .g. M. purpuratum , which uses 
light as a source of energy and organic C as the source of cell C 

(photoheter otr ophy), some str ains of P. stutzeri , whic h ar e facul- 
tativ e anaer obes that oxidize inor ganic compounds as a source 
of energy for growth (chemolithotrophy), and A. vinelandii which 

ar e aer obes that use or ganic C as their major source of en- 
er gy and C (c hemoheter otr ophy). Furthermor e, NCDs include 
arc haea, and ar e thus not all bacterial. 
Ideally, NCDs should be subclassified according to their poten- 
tial metabolic traits . T his will become more feasible with ad- 
vances the isolation and genome sequencing of marine NCDs 
(see ‘Diversity and ecophysiological features inferred from 

MAGs’). Here, we decided to use the term NCD as an accurate 
and inclusive way to refer to this group without implying a par- 
ticular metabolic strategy. 
uch of the ambiguity concerning the significance of marine
CDs stems from uncertainties about their ecophysiology, par-

icularly in well-lit, oxygenated marine habitats . T here are sev-
r al major c hallenges that marine NCDs m ust ov ercome (r e-
iew ed b y Bombar et al. 2016 ). N 2 fixation is ener geticall y expen-
ive, with high ATP and reductant requirements (Postgate 1982 ).
yanobacterial diazotrophs can produce organic C and acquire
ner gy thr ough oxygenic photosynthesis, although ther e ar e some
xceptions such as the photoheterotrophic symbiont UCYN-A
Tripp et al. 2010 ). In contrast, marine NCDs are thought to uti-
ize or ganic substr ates and/or alternativ e ener gy sources (includ-
ng possibly light) to meet energy and C r equir ements. Similar to

odel NCDs from terrestrial systems (Dixon and Kahn 2004 ), var-
ous energy acquisition pathwa ys ha ve been observed in marine
CD genomes, whic h ar e speculated to be important strategies

o fuel growth and N 2 fixation activity (Bentzon-Tilia et al. 2015a ,
artinez-Perez et al. 2018 , Acinas et al. 2021 ). Many marine NCDs

r e pr esumed to be c hemoheter otr ophic , thus ma y ha ve diffi-
ulty acquiring sufficient energy for N 2 fixation in euphotic open-
cean waters, which are often depleted in labile organic C. Indeed,
mendment experiments suggest that the abundances and/or N 2 

xation activity of NCDs are limited by the availability of dissolved
rganic C (DOC) in man y pela gic marine envir onments (Moisander
t al. 2012 , Dekaezemacker et al. 2013 , Rahav et al. 2016 ). 

A major challenge facing NCDs (and all diazotrophs) is the
rr e v ersible inactiv ation of the nitr ogenase enzyme by oxygen
O 2 ; Gallon 1992 ). The ecological adv anta ge of N 2 fixation is hin-
ered by the costs of cellular strategies needed to protect nitroge-
ase from O 2 . Cyanobacterial diazotrophs have evolved numerous
echanisms to separate N 2 fixation from O 2 either in space or in

ime (or both), including cellular differentiation, symbiosis, mem-
ranes to restrict O 2 diffusion, and increased rates of cellular res-
ir ation (r e vie w ed b y Zehr and Ca pone 2020 ). These mec hanisms
av e ener getic costs that would further exacerbate the C r equir e-
ents for NCDs. Particles have been proposed as habitats for NCD
 2 fixation, since they can provide both a C source and the poten-

ial for low O 2 microzones (Paerl and Prufert 1987 , Riemann et al.
010 , 2022 , Bombar et al. 2016 ). Ho w e v er, activ e tr anscription of
CD nifH genes is also found in free-living size fractions (Salazar
t al. 2019 ) and on particles too small to theor eticall y support low
 2 conditions (Farnelid et al. 2019 ). In the terrestrial environment,

ree-living Azotobacter vinelandii fixes N 2 under aerobic conditions
hr ough incr eased r espir ation to consume intr acellular O 2 and by
nv esting in c hemical barriers (like exopol ysacc harides) and lar ger
ell sizes to reduce O 2 intrusion into the cell (Post et al. 1982 , Poole
nd Hill 1997 , Sabra et al. 2000 ). It is likely that marine NCDs in-
abiting oxic environments may use similar strategies. 

The presence of nitrate (NO 3 
−) and NH 4 

+ is gener all y thought
o inhibit N 2 fixation, either by supporting the growth of fast-
rowing phytoplankton that outcompete diazotrophs for other
imiting nutrients (Ward et al. 2013 ), or by providing fixed N that
ome diazotrophs can utilize instead of investing in N 2 fixation
although inhibition is variable, see Knapp 2012 ). Ho w ever, fixed
norganic N is abundant in subeuphotic zone waters and coastal
r upwelling ecosystems where N 2 fixation by NCDs has been im-
licated (r e vie w ed b y Moisander et al. 2017 ), as well as in sedi-
ent systems where N 2 fixation occurs (Capone 1983 ), underscor-

ng that the sensitivity of NCDs to fixed N is not well-understood.
urthermore, in low O 2 environments, N 2 fixation in the presence
f high NH 4 

+ has been speculated to drive the balance of internal
ellular redox states in Rhodopseudomonas palustris (isolate BAL398)
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a model NCD from the Baltic Sea (r e vie w ed b y Bombar et al. 2016 ).
Ho w e v er, it is unknown whether some marine NCDs may use N 2 

fixation as a redox balancing strategy in low O 2 environments 
(such as on particles). 

Despite these challenges, NCDs appear to be widely distributed 

and occasionall y tr anscriptionall y activ e in marine euphotic wa- 
ters. Measuring the activity of NCDs and quantifying their impor- 
tance to marine N 2 fixation is an activ e ar ea of r esearc h. Fortu- 
nately, the past decade has seen a significant impr ov ement in the 
tools and data available to study marine NCDs. High through- 
put sequencing (HTS) technologies and increased sampling ef- 
forts hav e exponentiall y incr eased the amount of nifH ampli- 
con sequence data available for marine diazotrophs (e.g. Farnelid 

et al. 2011 , Turk-Kubo et al. 2015 , Shiozaki et al. 2017 , Raes et 
al. 2020 ). Dozens of individual NCD nifH gene sequence types 
hav e been enumer ated using quantitativ e PCR (qPCR), r esulting 
in large datasets showing regional and seasonal abundance pat- 
terns (e.g. Langlois et al. 2015 , Shiozaki et al. 2017 , Cheung et 
al. 2021 , Shao and Luo 2022 ). Furthermor e, adv ances in sequenc- 
ing tec hnologies hav e enabled the detection of nifH genes fr om 

global ocean metagenomes and metatranscriptomes (Delmont et 
al. 2018 , 2022 , Salazar et al. 2019 , Acinas et al. 2021 , Pierella Kar- 
lusich et al. 2021 , Poff et al. 2021 ), allowing for the validation of 
NCD distribution patterns without r el ying on the use of primers 
for the PCR-based amplification of NCD nifH gene sequences, and 

for the construction of metagenome-assembled genomes (MAGs) 
to e v aluate the metabolic potential of uncultiv ated NCDs. Finall y,
advances in single-cell techniques are beginning to enable visu- 
alization and in situ single-cell N 2 fixation r ate measur ements of 
NCDs (e.g. Martinez-Perez et al. 2018 , Geisler et al. 2019 ). 

This r e vie w synthesizes these new data to better understand 

the role of NCDs in marine waters. In ‘NCD diversity: nifH gene cat- 
alog,’ we introduce a novel catalog of marine NCD gene diversity 
that compiles available nifH sequence data from the NCBI Gen- 
bank non-redundant (nr) database and selected nifH HTS studies,
qPCR targets, and global ocean metagenomes. ‘Habitats and en- 
vironments of NCDs in marine systems’ r e vie ws the known envi- 
ronments and habitats for NCDs in marine systems. In ‘Environ- 
mental drivers of NCD biogeography , activity , and presumed N 2 

fixation,’ we discuss known environmental controls on their abun- 
dances and activity, introduce a novel database of available NCD 

nifH gene abundances, and discuss the global distributions and 

envir onmental driv ers of individual phylotypes. ‘NCD biogeogra- 
ph y and ecoph ysiology fr om meta genomes and metatr anscrip- 
tomes’ explores the potential ecophysiological features of marine 
NCDs using ne wl y av ailable MAGs fr om the global ocean (Delmont 
et al. 2022 ). In ‘Moving fr om genes to r ates: ar e NCDs fixing N 2 in 

the pelagic oceans?,’ we consider the current state of knowledge 
on NCD N 2 fixation activity and in ‘Future perspectives’ we discuss 
r emaining knowledge ga ps and futur e perspectiv es for assessing 
the contribution of NCDs to N 2 fixation in marine waters. 

NCD diversity: nifH gene catalog 

Knowledge of NCD diversity is based on the nucleic acid se- 
quences of the genes that encode the nitrogenase enzyme. Ni- 
trogenase is composed of dinitrogenase reductase and dinitroge- 
nase, whic h ar e the Fe and molybdenum (Mo)-Fe (MoFe) contain- 
ing metallopr oteins, r espectiv el y, in the most common form. The 
MoFe pr otein-containing nitr ogenase is encoded by the nifHDK 

operon; nifDK encodes the dinitrogenase alpha and beta subunits 
(containing MoFe) and nifH encodes dinitrogenase reductase (con- 
taining Fe). Less common nitrogenases substitute Fe or vanadium 
or Mo and are encoded by the vnfHDGK and anfHDGK genes, re-
pectiv el y (Seefeldt et al. 2009 , Newton 2015 ). N 2 fixation r equir es
he involvement of many proteins and factors beyond nitroge- 
ase, thus is a highly regulated and complex process ultimately
et by intracellular N status and O 2 , Mo, and Fe concentrations, as
ell as available energy sources (Dixon and Kahn 2004 , Leigh and
odsworth 2007 , Masepohl 2017 ). 
The nifH gene is the most widely used proxy for N 2 fixation

otential in the marine envir onment. While later al gene transfer
as been observed in some taxa (Bolhuis et al. 2010 ), nifH gene-
ased phylogeny is broadly congruent with 16S rRNA gene-based 

hylogeny and four major nifH gene clusters have been defined
Zehr et al. 2003 ; Table S1, Supporting Information). Early appli-
ation of ‘universal’ nifH PCR assays using pelagic marine sam-
les by Zehr et al. ( 1998 ) established that there were multiple lin-
ages of marine unicellular c y anobacteria along with ɑ -, β-, and γ -
r oteobacteria, sulfate r educers ( δ-pr oteobacteria), and Clostridia
mong the picoplankton population. Over the past quarter- 
entury, additional diazotr ophic linea ges hav e been identified,
ncluding marine r epr esentativ es fr om eac h of the four major
ifH clusters. Applications of new molecular techniques, including 
TS of nifH amplicons and meta genomic-/tr anscriptomic-based 

 ppr oac hes , ha v e gr eatl y incr eased the known nifH -based div er-
ity of marine diazotrophs; ho w ever, most individual studies have
ocused on c y anobacterial diazotr ophs, and no compr ehensiv e
ompilations of the curr entl y known NCD diversity exist. 

We compiled a catalog of marine NCD nifH gene sequences
Table S2, Supporting Information; dataset doi: 10.5281/zen- 
do.6537451). This catalog is a new community resource that 
nables analysis of nifH datasets in the context of prior stud-
es and identifies NCD sequences that have been recovered us-
ng differ ent a ppr oac hes . T he NCD nifH gene catalog includes se-
uences r ecov er ed fr om: (1) studies using nifH PCR and cloning-
ased a ppr oac hes (arc hiv ed in the NCBI nr database); (2) se-
ect studies employing HTS of nifH PCR amplicons; (3) metage- 
omic/transcriptomic datasets from recent large-scale ocean sur- 
eys; and (4) targets for qPCR and digital droplet PCR (ddPCR)
uantitative methods. 

Briefly, marine-derived sequences from the NCBI nr database 
ere selected from a curated nifH database (Heller et al. 2014
pdated in June 2017) using available metadata. All marine nr-
erived sequences ( n = 23 848) were clustered at 97% amino acid

dentity using CD-HIT (Huang et al. 2010 ), and NCD operational
axonomic units (OTUs) with < 100 sequences were remo ved. T his
esulted in 34 OTUs (r epr esenting 9360/23 848 of the total marine-
eri ved sequences). Ad ditionally, sequences re presenting the top
hree most abundant NCD OTUs (or amplicon sequence variants,
SVs) from nifH HTS gene studies that sampled the North Pa-
ific (Shiozaki et al. 2017 , Farnelid et al. 2019 , Cabello et al. 2020 ,
radoville et al. 2020 , Sato et al. 2021 , Turk-Kubo et al. 2021 ),
outh Pacific (Turk-Kubo et al. 2015 ), South Atlantic (Ribeiro et al.
018 ), Indian Ocean (Wu et al. 2021 ), and polar regions (Shiozaki
t al. 2018b , 2020 ) were also included. These studies were selected
ased on the accessibility of r efer ence sequences for reported
CDs; sequences have been renamed according to the region, au-

hor, and specified name from the original publication (e.g. ‘Npac-
hio-otu00004’ for otu00004 from the North Pacific in Shiozaki et
l. 2017 ; Table S1, Supporting Information). The catalog also in-
ludes NCD nifH sequences obtained using PCR-fr ee a ppr oac hes
r om Tar a Oceans meta genomes, metatr anscriptomes, and MAGs
Delmont et al. 2018 , 2022 , Salazar et al. 2019 , Cornejo-Castillo and
ehr 2021 , Pierella Karlusich et al. 2021 ) and the Polar Microbe R
ene Catalog (PM-RGC; Cao et al. 2020 ). PM-RGC nifH sequences
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ere identified via blastp against a curated database containing
enome-derived nifH sequences (jzehrlab.com/nifh). Finally, the
atalog includes 55 r efer ence sequences fr om NCDs tar geted by
ublished nifH qPCR/ddPCR assa ys , since these were identified as
 ecurr entl y pr esent diazotr ophs fr om independent studies. 

Together, the NCD nifH gene catalog contains 204 total
equences (Table S2, Supporting Information; dataset doi:
0.5281/zenodo.6537451). OTUs comprised of sequences
ith > 99% amino acid identity were identified using CD-HIT

Huang et al. 2010 ) to explore which sequence types have been
 ecov er ed using different methodological approaches . O TUs
ontaining sequence types detected using both nifH PCR-based
nd PCR-fr ee (deriv ed fr om meta genomics/metatr anscriptomics)
ethods are of particular interest, some of whic h ar e discussed

elow. 
The Gamma A and Gamma 4 OTUs (1G) contain sequences

rom both PCR and non-PCR-based a ppr oac hes (Fig. 1 ) and are
r guabl y the best-studied marine NCD groups . T he widespread
istribution of Gamma A thr oughout tr opical and subtropical
urface waters has been demonstrated in qPCR-based studies
see ‘Envir onmental driv ers of NCD biogeogr a phy , activity , and
resumed N 2 fixation’), nifH gene HTS studies (e.g. Npac-Shio-
tu00004 from Shiozaki et al. 2017 , SAtl_Ribe_otu006 from Ribeiro
t al. 2018 ), and in a metagenome-based study (Cornejo-Castillo
nd Zehr 2021 ). Gamma A nifH tr anscripts hav e been detected
n the environment (e.g. Bird et al. 2005 , Moisander et al. 2014 ,
ornejo-Castillo and Zehr 2021 ) and this organism is hypothe-
ized to be associated with small particles or picophytoplankton
Benavides et al. 2016b , Cornejo-Castillo and Zehr 2021 ; Fig. 2 a).
amma 4 is another γ -pr oteobacterium emer ging as a potentially

mportant marine NCD. Originally described as a qPCR target by
alm et al. ( 2012 ), and later observed in the Eastern Tropical
outh Pacific (P8; Löscher et al. 2014 ), this group now includes
 MAG assembled from North Pacific samples collected during
he Tara Oceans expedition (TARA_PON_109_MAG_00010, also re-
erred to as HBD-06; Delmont et al. 2018 , 2022 ) and can reach high
bundances (5.8 × 10 6 nifH gene copies l −1 ) in the North Pacific
Cheung et al. 2021 ). 

Other potentially important γ -proteobacterial OTUs emerged
r om this meta-anal ysis. γ -ETSP1 was first described as a qPCR
arget in the South Pacific (Turk-Kubo et al. 2014 ), but also in-
ludes a MA G (TARA_A OS_82_MA G_00008), which was detected
ainly in the Atlantic Ocean in < 5 μm size fractions (Delmont et

l. 2022 ). In total, three additional γ -proteobacterial OTUs con-
ained both MAGs and abundant sequence types from nifH gene
TS studies: TARA_PON_109_MAG_00047 included a sequence

rom Shiozaki et al. ( 2017 ), and TARA_PSE_93_MAG_00126 and
M-RGC.v2.009033127 included sequences from Gradoville et al.

 2020 ; Table S2, Supporting Information). The r ecov ery of numer-
us γ -proteobacterial sequences from PCR-based studies is no-
able, giv en r ecent assertions that primer mismatc hes could r e-
ult in lack of amplification of this group (Delmont et al. 2018 ,
022 ). Our anal ysis r einforces that γ -pr oteobacteria ar e r ecov er ed
y both a ppr oac hes and are among the most diverse NCD groups

n the marine pelagic environment. 
Se v er al OTUs affiliated with nifH cluster 1J/1K were also found

n both PCR-based and PCR-free studies (Fig. 1 ). The α-24809A06
TU contains sequences related to putative ɑ -proteobacteria re-
orted in the South China Sea (SCS; ɑ -24809A06; Moisander et al.
007 ) and mesopelagic waters (Azosp_1; Hewson et al. 2007 ), and
lso includes a MA G (TARA_PSW_86_MA G_00238; Delmont et al.
022 ) detected pr edominantl y in the Pacific. A second putative α-
roteobacterial OTU, Alpha 2, contained a sequence type targeted
y qPCR in the Northern SCS (Alpha 2; Chen et al. 2019 ) and a
A G (TARA_A ON_82_MA G_00070; Delmont et al. 2022 ) observed

n the < 20 μm size fraction in several ocean basins including the
tlantic, Indian, and Pacific. 
Unlike the proteobacteria, no putative δ-proteobacterial OTUs

cluster 3 or 1A) were found using both PCR-based and PCR-free
 ppr oac hes. Cluster 3 contains sequences from PCR-based stud-
es and from MAGs including Planctomycetes lineages speculated
o be important NCDs (Delmont et al. 2018 , 2022 ). Ho w e v er, se-
uences affiliated with cluster 1A wer e r ecov er ed onl y by PCR-
ased techniques. In this dataset, cluster 1A sequences are pre-
ominant in coastal ecosystems (e.g. Short and Zehr 2007 , Sh-

ozaki et al. 2018b ) that were not heavily sampled in the Tara
ceans expedition, which may partially explain this discrepancy. 

aveats and considerations for nifH sequence 

nalysis 

lthough PCR-based a ppr oac hes hav e been foundational in the
tudy of marine diazotr ophs, ther e ar e se v er al c hallenges and
aveats associated with using nifH sequences to explore the di-
ersity of diazotrophs. Numerous sets of primers have been de-
eloped to amplify nifH genes, many of which have a high de-
ree of degeneracy and are biased to w ar ds certain taxa (Gaby
nd Buckley 2011 ). The most widely applied assay in the ma-
ine environment (nifH1-4; Zehr and McReynolds 1989 , Zani et al.
000 ) has known biases, especially within the c y anobacteria (Ca-
uto et al. 2018 ). Ho w e v er, r ecent assertions that nifH1-4 primers
ay not amplify some of the NCDs r ecov er ed using ‘omics-based
 ppr oac hes , e .g. nifH genes from Planctomycetes (Delmont et al.
018 , 2022 ), ar e primaril y based on a single mismatch against the
ifH4 primer located at the 5 ′ end of the priming site (Table S2,
upporting Information), which does not impact PCR amplifica-
ion (Bru et al. 2008 ). Our NCD gene catalog shows that se v er al
AG-derived sequences asserted to have incompatibilities with

he nifH1-4 primers have been recovered from PCR-based surveys,
nderscoring that the 5 ′ mismatch does not pr e v ent PCR amplifi-
ation (Table S3, Supporting Information). Ther efor e, the nifH1-4
rimers do not appear to be br oadl y incompatible with pelagic
arine NCD taxa. 
Ther e ar e se v er al additional tec hnical limitations of PCR-based

 ppr oac hes. Due to the gener all y low abundances of diazotrophs,
mplification typicall y r equir es a nested PCR a ppr oac h and man y
ounds of amplification, which introduces bias in relative abun-
ances (Turk et al. 2011 ). Recovery of nifH gene fr a gments can also
e influenced by contamination from numerous sources; differ-
ntiating between marine- and contaminant-sourced nifH genes
an be c hallenging, particularl y for NCDs (Zehr et al. 2003 ). This
as occasionally been addressed in individual studies by process-

ng r ea gent blanks or comparing data to known contaminant se-
uences (Bostrom et al. 2007 , Farnelid et al. 2011 , Blais et al. 2012 ,
oisander et al. 2014 , Langlois et al. 2015 , Fernandez-Mendez et al.

016 , Cheung et al. 2021 ), so that putative contaminant sequences
an be r emov ed during analysis. 

Detection of nifH transcripts in environmental samples is
ometimes used as a proxy for active N 2 fixation, and in early stud-
es was the standard for choosing targets for qPCR assa ys . How-
 v er, detection of nifH transcripts may be heavily dependent on
he time of sampling due to the diel pattern in nifH gene expres-
ion (observed in diazotrophs including marine c y anobacteria and
errestrial NCDs; Wyman et al. 1996 , You et al. 2005 ), size frac-
ion (which can reflect lifestyle , e .g. symbiont, particle-attached),
nd envir onmental contr ols (e.g. O 2 concentr ation, pr esence of r e-
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Figure 1. NCD diversity includes taxa found using PCR-based and PCR-free approaches. Phylogenetic tree represents the NCD nifH gene catalog based 
on amino acid sequences from OTU re presentati ves. Sequences were aligned to the NifH/frxC family (Fer4_NifH; PF00142) using HMMalign in HMMER 
software v2.4 (Finn et al. 2011 ). Tree topology was calculated using FastTree 2.1.11 (Price et al. 2010 ) using maximum-likelihood rearrangements and 
the JTT model for nucleotide e volution. Br anc h support was determined using the Shimodaira–Hasegawa test ( > 50% support indicated with small gray 
squares on branches). iTOL 6.5.2 (Letunic and Bork 2021 ) was used to visualize the tree and display the source(s) of sequences in each cluster. nifH 

clusters are defined according to the convention established in Zehr et al. ( 2003 ) and are indicated in gray text in the center of the tree. Re presentati ve 
sequences affiliated with NCD qPCR/ddPCR assays are in bold. OTUs that contain sequences derived from both PCR-based and PCR-free approaches 
are in shaded boxes. Branches with multiple names indicate OTUs that contain sequences targeted by more than one qPCR assa y. T hick outer color 
bars show if the sequences were acquired through PCR-based (teal) or PCR-free (y ello w) methods, while the thinner color bars correspond to the 
specific method (PCR-based) or sampling campaign (PCR-fr ee). Inter activ e tr ee publicl y av ailable at https:// itol.embl.de/ shared/ 1HrZrblPr7p4s . See 
Table S2 (Supporting Information) for supporting data. 

l  

f  

g  

(  

t  
duced N, and availability of organic C and F e). Furthermore , while 
the detection of nifH transcripts may reflect active transcription of 
the nif oper on, activ e N 2 fixation is also under post-transcriptional 
contr ol. Ther efor e, nifH tr anscript detection (or lack thereof) as ev- 
idence of acti ve/inacti ve N 2 fixation should be interpreted with 

caution. 
Recovering nifH gene sequences from the environment, regard- 
ess of the a ppr oac h, does not guarantee that they are sourced
r om or ganisms ca pable of fixing N 2 as some taxa contain nifH
enes but lack other genes r equir ed for a functional nitrogenase
Dos Santos et al. 2012 , Mise et al. 2021 ). Furthermore, alterna-
iv e nitr ogenases in marine diazotr ophs ar e not well-understood,

https://itol.embl.de/shared/1HrZrblPr7p4s
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F igure 2. NCDs occup y diverse marine habitats. NCDs in marine w aters may be fr ee-living and motile or nonmotile (a) , associated with v arious 
particles including self-a ggr egates (b) , suspended or sinking particles (c) , plankton holobionts (d) , or live in symbiosis with copepods (e) or other 
pr otists (f) . Pr esumed habitats of some NCD taxa whic h ar e discussed thr oughout this r e vie w ar e indicated using symbols described in the legend. 
Created with BioRender.com. 
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ut also signify the potential to fix N 2 (McRose et al. 2017 , Reeder
nd Lösc her 2022 ), whic h is not ca ptur ed in envir onmental nifH
ene surv eys. Ne v ertheless, a ppr oac hes tar geting partial nifH gene
equences have generated the majority of available marine NCD
ata and have enabled numerous insights into their diversity, dis-
ribution, and environmental drivers. 

abitats and environments of NCDs in 

arine systems 

arine euphotic waters are heterogeneous environments foster-
ng free-living NCDs, NCDs attached to living or detrital partic-
late material, and NCDs likely living in symbiosis with protists

Fig. 2 ). These contrasting habitats can be found in close proxim-
ty, thus the scale of standard oceanogr a phic sampling (typically

illiliters–liters) can conceal complex life strategies and interac-
ions . For example , some NCD taxa likely cycle through free-living
Fig. 2 a) and particle-associated lifestyles (Fig. 2 b-d), evidenced
y their occurrence across size fractions (Pierella Karlusich et al.
021 ) as well as thier potential for motility (Hallstrøm et al. 2022c )
nd the formation of self-a ggr egates (Bentzon-Tilia et al. 2015a ).
ther taxa may form facultative or obligate symbioses with other
lanktonic taxa (Fig. 2 f and e). Rates and magnitudes of NCD N 2 

xation in oxygenated euphotic waters ar e likel y influenced by
hese different lifestyles. For example, N 2 fixation by free-living or
article-associated NCDs would be dependent on a given taxa’s
etabolic potential and ability to respond to a changing envi-

onment, while N 2 fixation by NCDs living in symbiosis may be
nder host control like in other marine and terrestrial symbioses

Smercina et al. 2019 , Landa et al. 2021 , Mohr et al. 2021 ). Teasing
part the habitats and lifestyles of NCDs in specific environments
 emains a c hallenge but is k e y to linking di versity to acti ve N 2 

xation. 
NCDs are also present in many marine environments beyond

he euphotic zone (Table 1 ). Since the first reports of NCDs in
he surface ocean (Paulsen et al. 1991 , Co y er et al. 1996 , Zehr et
l. 1998 ), tec hnological adv ances and ambitious sampling cam-
aigns have highlighted a diversity of water column environments
arboring NCDs, including coastal waters and estuaries, polar
eas , aphotic en vironments , and O 2 minimum zones (OMZs). Di-
erse benthic ecosystems also harbor NCDs and may seed them
nto the water column, where they become part of the r ar e bio-
pher e (Pedr os-Alio 2012 , Tr oussellier et al. 2017 ). Her e, we r e vie w
no wn w ater column NCD habitats and environments (‘Habitats
nd environments of NCDs in marine systems’) before discussing
lobal NCD distributions and envir onmental driv ers (‘Envir on-
ental drivers of NCD biogeography , activity , and presumed N 2 

xation’). 

arine particles 

lthough little is known about the physiology of NCDs and how
hey fix N 2 in oxygenated surface waters, for over two decades it
as been theorized that NCDs residing in sunlit surface waters
ave a particle- or aggregate-associated lifestyle (Fig. 2 b-d; Paerl
nd Prufert 1987 , Church et al. 2005a , Riemann et al. 2010 , Bombar
t al. 2013 , Rahav et al. 2016 , Pedersen et al. 2018 ). Marine parti-
les are an amalgamation of living and detrital material formed
hroughout the water column, with highest concentrations in the
uphotic zone, especially in areas of high productivity, such as
oastal and upwelling regions (Simon et al. 2002 , Azam and Mal-
atti 2007 ). Particles provide substrates for attachment as well as
ccess to organic C that could fuel c hemoheter otr ophic N 2 fixa-
ion, while promoting the formation of low O 2 microenvironments
hat pr ovide pr otection for the O 2 sensitiv e nitr ogenase enzyme
Paerl 1985 , Ploug et al. 1997 , Ploug 2001 , Ploug and Bergkvist 2015 ).
yanobacterial a ggr egates (Klawonn et al. 2015 ) or self-pr oduced
CD a ggr egates bound together by O 2 -impermeable exopolysac-

harides may likewise form anoxic microniches for NCDs as ex-
mplified by a Pseudomonas stutzeri strain (BAL361) isolated from
he Baltic Sea (Fig. 2 b; Bentzon-Tilia et al. 2015a , Paerl et al. 2018 ).
 recent cellular model of A. vinelandii sho w ed that the energetic
osts to maintain low intracellular O 2 for a free-living chemo-
eter otr ophic diazotr oph thr ough incr eased r espir ation, synthe-
is of thicker cell membranes, or polysaccharide production sur-
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Table 1. Marine NCD environments 

Environment 
Known or theorized NCD 

habitat/lifestyle a Representati v e references 

Water 
column 

Open ocean: 
euphotic 

Free-living; suspended and 
sinking particles; plankton 
holobionts 

Proctor ( 1997 ), Zehr et al . ( 1998 ), Langlois et al . ( 2005 , 2008 , 2015 ), Church et 
al . ( 2005a , b ), Fong et al. ( 2008 ), Moisander et al. ( 2008 , 2014 ), Farnelid et al. 
( 2010 , 2011 ) Bombar et al. ( 2011 ), Kong et al. ( 2011 ), Zhang et al. ( 2011 , 2016 ), 
Halm et al. ( 2012 ), Shiozaki et al. ( 2014 , 2017 ) Sunagawa et al. ( 2015 ), 
Azimuddin et al. ( 2016 ), Benavides et al. ( 2016b ), Gradoville et al. ( 2017a ), 
Delmont et al. ( 2018 ), Chen et al. ( 2019 ), Wu et al. ( 2019 ), Yang et al. ( 2019 ), 
Cheung et al. ( 2020 , 2021 ), Raes et al. ( 2020 ), Pier ella Karlusic h et al. ( 2021 ), 
Hallstrøm et al. ( 2022a ) 

Open ocean: aphotic Free-living; suspended and 
sinking particles 

Hewson et al. ( 2007 ), Bonnet et al. ( 2013 ), Benavides et al. ( 2015 , 2018c ), 
Selden et al. ( 2019 ), Acinas et al. ( 2021 ) 

Oxygen minimum 

zones 
Free-living; suspended and 
sinking particles 

Fernandez et al. ( 2011 ), Hamersley et al. ( 2011 ), Löscher et al. ( 2014 ), 
J ay akumar et al. ( 2017 ), Chang et al. ( 2019 ), Reeder and Löscher ( 2022 ) 

Temperate coastal 
ecosystems 

Free-living; suspended and 
sinking particles; plankton 
holobionts; resuspended 
sediments; terrestrial 
particles 

Short et al. ( 2004 ), Moisander et al. ( 2007 ), Rees et al. ( 2009 ), Mulholland et al. 
( 2012 ), Messer et al. ( 2015 , 2021 ), Scavotto et al. ( 2015 ), Shiozaki et al. ( 2015 ), 
Bentzon-Tilia et al. ( 2015b ), Gradoville et al. ( 2017a ), Pedersen et al. ( 2018 ), 
Cabello et al. ( 2020 ), Turk-Kubo et al. ( 2021 ), Hallstrøm et al. ( 2022b ) 

Inland seas Free-living; suspended and 
sinking particles 

Bostrom et al. ( 2007 ), Man-Aharonovich et al. ( 2007 ), Farnelid et al. ( 2013 ), 
Rahav et al. ( 2013 , 2016 ), Benavides et al. ( 2016a ), Kirkpatrick et al. ( 2018 ), 
Geisler et al. ( 2020 ), Ridame et al. ( 2022 ) 

Polar seas Free-living; suspended and 
sinking particles; sediment 
r esuspension; terr estrial 
input 

Blais et al. ( 2012 ), Fernandez-Mendez et al. ( 2016 ), Shiozaki et al. ( 2018b , 2020 ) 

Benthic Cor al r eefs and 
sponges 

Associated with released 
m ucus, cor al tissues, cor al 
skeletons, associated 
macr oalgae, and micr obial 
mats , surrounding sea water 

Mohamed et al. ( 2008 ), Olson et al. ( 2009 ), Lema et al. ( 2012 , 2014 ), Ribes et al. 
( 2015 ), Yang et al. ( 2016 ), Liang et al. ( 2020 ), Moynihan et al. ( 2022 ) 

Macroalgae Living and decomposing 
tissue , surrounding sea water 

Hamersley et al. ( 2015 ), Zhang et al. ( 2015 ), Raut et al. ( 2018 ), Raut and 
Capone ( 2021 ) 

Coastal and 
continental shelf 
sediments 

Sediment-associated Fulweiler et al. ( 2013 ), Brown and Jenkins ( 2014 ), Newell et al. ( 2016 ), Jabir et 
al. ( 2018 ) 

Oxygen-deficient 
zone sediments 

Sediment-associated Gier et al. ( 2016 , 2017 ) 

Abyssal pelagic Associated with methane 
seeps, hydr othermal v ents, 
whale falls 

Mehta et al. ( 2003 ), Mehta and Baross ( 2006 ), Pernthaler et al. ( 2008 ), Dang et 
al. ( 2009 ), Dekas et al. ( 2009 , 2014 , 2016 , 2018 ), Miyazaki et al. ( 2009 ), Kapili et 
al. ( 2020 ) 

Microbial mats Microbial mat associated, 
surrounding water 

Zehr et al. ( 1995 ), Steppe et al. ( 1996 ), Olson et al. ( 1999 ) 

Sea gr ass 
rhizosphere 

Sediments, roots McGlathery et al. ( 1998 ), Mohr et al. ( 2021 ) 

a Allocation of NCDs between free-living and particle-association is not well-r esolv ed. 
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passed the cost of N 2 fixation (Inom ur a et al. 2017 ), underscor- 
ing the potential importance of particle- or a ggr egate-associated 

lifestyles. 
To better understand the potential for particles as N 2 fixa- 

tion hot spots, Chakraborty et al. ( 2021 ) designed a mathemati- 
cal model to investigate N 2 fixation by NCDs bound to large (ca.
250 mm) sinking marine particles (r e vie w ed b y Riemann et al.
2022 ). Cells were modeled as facultative diazotrophs that acquire 
C and N from particle-supplied polysaccharides and polypeptides 
and only supplement cellular N r equir ements with N 2 fixation 

once other N sources are exhausted, producing high C:N ratios fa- 
vor able for heter otr ophic N 2 -fixers. Micr obial r espir ation depletes 
O 2 , ho w e v er, the anoxic or microanoxic conditions created in the 
particle interior is temporary. Cells eventually become C-limited 

and O 2 diffusion into the particle again exceeds microbial respi- 
r ation, whic h in turn inhibits N 2 fixation. NCD N 2 fixation in the 
odeled particle interior thus depends on the surrounding water 
 2 concentration, initial composition and ratio of C to N in the
article, particle size (minimum of 0.6 mm diameter), and sink-

ng speed. Based on this simulation, the amount of time a particle
ay harbor an anoxic or low O 2 microzone and support N 2 fix-

tion can be short-lived ( < 1 da y), which ma y make this process
hallenging to validate with experimental data. 

A fe w r ecent studies show the most direct evidence to date of
 2 fixation by NCDs bound to particles. In eutrophic waters of the
ishon estuary (Isr ael), whic h flow into the Mediterranean Sea,

mmunolabeling of the nitrogenase protein was used to demon- 
trate that NCDs colonized a ggr egates (Geisler et al. 2020 ). Fur-
hermor e, activ e N 2 fixation by NCDs was implicated based on the
etection of N 2 fixation in particle-enrichment incubations where 
 y anobacterial photosynthesis was inhibited. This immunolabel- 
ng a ppr oac h r equir es intact nitr ogenase pr oteins but pr ovides no



8 | FEMS Microbiology Reviews , 2023, Vol. 47, No. 6 

p  

o  

t  

t  

r  

s  

a  

t  

r  

a  

C  

i  

e  

i  

t
 

p  

o  

b  

B  

a  

t  

p  

g  

t  

p  

s  

T  

t  

a
 

z  

2  

s  

t  

1  

a  

(  

s  

r  

i  

m  

r  

m  

t  

a  

c  

N  

l  

t
 

p  

a  

d  

b  

n  

f  

c

P
N  

a  

d  

t  

d  

u  

s  

F  

s  

g  

a  

t  

M  

(  

p  

e  

t  

i  

c  

2
 

a  

i  

c  

b  

v  

e  

t  

p  

p  

p  

p
 

a  

p  

c  

d  

p  

s  

b  

h  

N

C
T  

a  

c  

p  

e  

a  

Z  

N  

c  

c  

l  

i  

2  

G  

i  

p  

g  

N  

a  

f

hylogenetic information making inter pr etation c hallenging. An-
ther recent study surveyed well-lit oxygenated pelagic waters of
he North Pacific and measured the incorporation of 15 N 2 into pu-
ative NCDs (defined as cells with 

15 N enrichment, but not 13 C en-
ichment after 24h 

15 N 2 / 13 C-bicarbonate incubations) residing on
mall particles ( < 210 μm, smaller than those predictied to host
naer obic micr ozones by Chakr aborty et al. 2021 ) using particle-
argeted nanoSIMS (Harding et al. 2022 ). Single cell N 2 fixation
 ates r anged fr om low to quite high (0.02 to 8.61 fmol N cell -1 d 

-1 )
nd in some cells could entir el y fulfill cellular N r equir ements.
omplementary nifH gene HTS indicated γ -proteobacterial NCDs,

ncluding Gamma A, were prevalent in the w ater column. Ho w-
 v er, particle-tar geted nanoSIMS does not provide phylogenetic
nformation needed to identify taxonomic affiliations of the ac-
ive NCDs. 

Despite this r ecent pr ogr ess, most curr ent knowledge of
article-associated NCDs is based on molecular surveys. Accounts
f NCDs from large size fractions or marine particles, based on
oth PCR-based and PCR-free approaches (Turk-Kubo et al. 2014 ,
ena vides et al. 2016b , Grado ville et al. 2020 , Pierella Karlusich et
l. 2021 ), collectiv el y suggest div erse NCD comm unities attac hed
o suspended particles, sinking particles (marine snow), and fecal
ellets (Riemann et al. 2010 ), as well as forming self-produced ag-
regates (Bentzon-Tilia et al. 2015a ). Notably, NCDs hypothesized
o be associated with larger organisms either as symbionts or as
rey items (Farnelid et al. 2009 , Scavotto et al. 2015 , Pierella Karlu-
ich et al. 2021 ) could also be recovered from large size fractions.
echniques linking specific taxa to active N 2 fixation are needed
o assess the biogeochemical importance of these diverse particle-
ssociated NCDs in the euphotic zone. 

NCDs are also found on particles sinking out of the euphotic
one (Farnelid et al. 2019 ) and in the deep ocean (Rahav et al.
013 , Acinas et al. 2021 , Poff et al. 2021 ). Particles (20–500 μm)
ampled from floating net traps deplo y ed at a depth of 150 m in
he North Pacific often contained NCD sequences from Cluster
 (including Part-Farn-OTU1012 and Part-Farn-OTU1107, which
re Gamma 3 and Gamma A, r espectiv el y; Fig. 2 c) and Cluster 3
Farnelid et al. 2019 ; Table S2, Supporting Information). Notably,
ome sequences from individual particles ( > 20 μm) were not well-
 epr esented in the whole water column diazotrophic community
n this study, suggesting that pr efer ence for particle attachment

ay be taxa-specific. Additionall y, thr ee nov el NCD MAGs hav e
 ecentl y been described fr om mesopela gic particles including a
ember of the Micavibrionaceae family (Poff et al. 2021 ), a puta-

i ve sulfur-o xidizing lithotroph ( α-proteobacteria MAG0509), and
 Gamma 4 MA G (MA G0081; Acinas et al. 2021 ). It remains un-
lear whether these sinking particle-associated NCDs are active
 2 -fixers, but collectiv el y these studies suggest that particles de-

iv er ed to the deep ocean harbor both distinct NCD lineages and
hose known to also reside in the surface ocean. 

Ther e r emain lar ge knowledge ga ps about the r ole of marine
articles in N 2 fixation by NCDs. Most critically, although NCDs
r e clearl y pr esent on marine particles and there is some evi-
ence of NCDs fixing N 2 , no studies have demonstrated N 2 fixation
y a taxonomically defined, particle-bound NCD. Further work is
eeded to determine the magnitude of potential fixed N inputs
rom particle-bound NCDs given the high concentration of parti-
les in marine systems (Riemann et al. 2022 ). 

lankton holobionts 

CDs are often found associated with planktonic organisms,
lthough the exact nature of these interactions is not well-
escribed. NCDs affiliated with ɑ -, β-, and γ -proteobacteria, Clus-
ers 2 and 3 have been found in association with heter otr ophic
inoflagellate–c y anobacteria consortia (Farnelid et al. 2010 ). Che-
ng et al. ( 2021 ) noted that one of the pr e v alent γ -pr oteobacterial
equences found with se v er al dinofla gellate gener a described in
arnelid et al. ( 2010 ) was Gamma 4 (Fig. 2 f); the lack of host
pecificity suggests a facultative symbiotic interaction, or possibly
razing on Gamma 4. Trichodesmium colonies also contain diverse
ssemblages of Cluster 3 and ɑ -, β-, and γ -proteobacteria, no-
ably including ClusterIII-C (Fig. 2 d; Gradoville et al. 2014 , 2017b ).
or e gener all y, δ-pr oteobacterial (1A) and γ -proteobacterial taxa

1G) have been found actively transcribing nifH in net tow sam-
les ( > 100 μm) (defined as ‘plankton associated diazotrophs’; Yang
t al. 2019 ), including a putative Marichromatium -like sequence
ype closel y r elated to Gamma 3 (KY774962.1, 98.4% nucleotide
dentity). NCDs are also associated with small photosynthetic pi-
oeukaryotes, but these observations are sparse (Bombar et al.
013 ). 

Pelagic copepods have long been suspected to form symbiotic
ssociations with N 2 -fixing bacteria, originally based on the vis-
ble growth of purple sulfur bacteria from copepod enrichment
ultures allo w ed to de v elop anoxia, after which N 2 fixation could
e detected (Proctor 1997 ). Subsequent studies have described di-
 erse NCD taxa pr esumed to be affiliated with copepods (Br aun
t al. 1999 , Scavotto et al. 2015 , Azimuddin et al. 2016 ). In addi-
ion, Scavotto et al. ( 2015 ) r eported distinct NCD comm unity com-
ositions between full-gut and starved copepods that suggest δ-
r oteobacteria diazotr ophs may be gr azed fr om particles, while γ -
roteobacteria may form more permanent symbioses with cope-
ods. 

Beyond the presence of NCD nifH genes, very little is known
bout these associations. Unique challenges exist in sampling
lankton holobionts. For example, plankton nets collect (and con-
entr ate) v arious types of a ggr egates in addition to plankton, thus
o not allow for confident differentiation between plankton- and
article-associated lifestyles . Nonetheless , holobionts are under-
tudied habitats for marine NCDs and more research is needed to
etter c har acterize these associations, and to elucidate the role a
ost or partner may have in regulating N 2 fixation in plankton-
CD symbioses. 

oastal ecosystems 

 he a v ailability of fixed inor ganic N in coastal waters has been
rgued to select against N 2 fixation, as diazotrophs are generally
onsidered to be poor competitors for acquiring P and Fe com-
ared to faster growing photoautotrophs such as diatoms (Ward
t al. 2013 , Landolfi et al. 2015 ). Ho w e v er, some c y anobacterial di-
zotrophs (most notably the UCYN-A symbiosis , e .g. Short and
ehr 2007 , Mulholland et al. 2012 , Turk-Kubo et al. 2021 ) and
CDs are now recognized as components of coastal microbial
ommunities (Table 1 ). NCDs are often found in n utrient-re plete
oastal waters and can r eac h high r elativ e abundances, particu-
arly in regions with terrestrial input, e.g. from riverine or estuar-
ne sources (Moisander et al. 2008 , Bombar et al. 2011 , Kong et al.
011 , Hashimoto et al. 2012 , Shiozaki et al. 2015 , Rahav et al. 2016 ,
eisler et al. 2020 , Selden et al. 2021 , Hallstrøm et al. 2022b ). It

s important to note, ho w e v er, that v ery little is known about the
hysiology or activity of NCDs in coastal ar eas; their pr esence sug-
ests that coastal NCDs may be insensitive to dissolved inorganic
 availability and/or ‘facultative’ diazotrophs capable of utilizing
lternate N sources (discussed in ‘Diversity and ecophysiological
eatur es inferr ed fr om MAGs’). 
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NCDs reported in euphotic coastal waters often reflect the typ- 
ical diversity of marine sediments, which suggests that sediment 
resuspension may be an important mechanism for introducing 
NCDs into the water column in coastal ecosystems. Periodic re- 
suspension e v ents ar e pr e v alent in shallo w w aters and areas with 

high wind or wave activity (Zouch et al. 2018 ). In particular, Cluster 
3 nifH sequences have been widely reported in coastal regions, oc- 
casionall y tr anscribing nifH (Short et al. 2004 , Bentzon-Tilia et al.
2015b , Shiozaki et al. 2020 , Hallstrøm et al. 2022b ), suggesting NCD 

N 2 fixation in the oxygenated water column. In Western North At- 
lantic coastal waters, NCD nifH genes and transcripts dominate 
over those from c y anobacteria where salinity decreases due to 
freshwater input and turbidity increases through the resuspen- 
sion of terrestrial and coastal sediments (Mulholland et al. 2019 ,
Geisler et al. 2020 , Selden et al. 2021 , Hallstrøm et al. 2022b ). 

In the eutrophic Roskilde Fjord (Denmark), N 2 fixation rates 
were higher in sediment-amended seawater than in the surround- 
ing seawater (217 nmol N l −1 d 

−1 vs. 1.7 nmol N l −1 d 

−1 , respec- 
tiv el y), supporting the idea that NCDs resuspended from sediment 
fix N 2 in the water column (Pedersen et al. 2018 ). This same study 
demonstrated that NCDs were secondary colonizers of artificial 
particles in natural seawater, indicating their capability for motil- 
ity and particle attachment. This successional attachment to par- 
ticles may be indicative of a preference for sufficiently large par- 
ticles that support low O 2 zones due to high activity of microbial 
r espir ation (see ‘Marine particles’). 

Surface pelagic ocean waters 

Open ocean gyres are typically N-limited and are known habi- 
tats for diazotrophs. Although the biogeography and environmen- 
tal determinants are better understood for c y anobacterial dia- 
zotroph taxa, NCDs have been commonly recovered in nifH gene 
surveys dating back to early clone library-based studies in the 
North and South Pacific Oceans and the Mediterranean Sea (Zehr 
et al. 1998 , 2003 , Church et al. 2005b , Man-Ahar onovic h et al. 2007 ,
Fong et al. 2008 ). Farnelid et al. ( 2011 ) were the first to a ppl y nifH 

gene HTS in the global surface ocean, establishing that NCDs 
wer e br oadl y distributed and co-occur with c y anobacterial dia- 
zotr ophs in tr opical and subtr opical waters. Farnelid et al. ( 2011 ) 
also r e v ealed global taxa-specific NCD distribution patterns and 

confirmed that many NCDs were actively transcribing nifH , in- 
cluding those in small ( < 10 μm) size fractions. Since this founda- 
tional work, studies le v er a ging nifH gene HTS have significantly 
expanded the known habitats for NCDs in the ocean, most no- 
tably in pelagic ecosystems (Table 1 ). 

Se v er al studies hav e demonstr ated that distinct NCD commu- 
nities may be found in different regions of the global ocean (Far- 
nelid et al. 2011 , Shiozaki et al. 2017 , Raes et al. 2020 ), but there 
ar e also se v er al NCDs that a ppear to hav e mor e cosmopolitan dis- 
tributions . T his includes ar guabl y the best-studied NCD Gamma 
A (Langlois et al. 2005 ), also r eferr ed to as AO15 (Zehr et al. 1998 ),
UMB (Bird et al. 2005 ), and γ -24774A11 (Moisander et al. 2008 ). 

Gamma A is br oadl y distributed thr oughout the tr opical and 

subtropical North Atlantic and Pacific (reviewed by Langlois et 
al. 2015 ) and is theorized to be an oligotrophic specialist. Evi- 
dence of Gamma A as a potential contributor to N 2 fixation in 

oligotr ophic gyr es has been demonstr ated in m ultiple surv eys of 
nifH transcripts showing that Gamma A can account for a ma- 
jority of the total transcript pool (Bird et al. 2005 , Langlois et al.
2005 , Church et al. 2005b , Bombar et al. 2011 , Farnelid et al. 2011 ,
Moisander et al. 2014 , Messer et al. 2015 , Shiozaki et al. 2017 ,
Gradoville et al. 2020 , Selden et al. 2021 ). Additionally, in the West- 
rn South Pacific, Gamma A nifH genes and transcripts positively
orrelate with c y anobacterial diazotroph abundances, tempera- 
ure and DOC, and negatively with depth, chlorophyll a , and nutri-
nts, suggesting similar physiological constraints as Trichodesmium 

nd Crocosphaera (Moisander et al. 2014 ). The presence and nifH ex-
ression of Gamma A in well-lit surface waters suggests it bene-
ts dir ectl y or indir ectl y fr om light. It has been speculated that
amma A may have a photoheterotrophic lifestyle and utilize 

hodopsin or bacterioc hlor ophyll-based ener gy gener ation or may
 el y on photosynthate from a photoautotroph (Langlois et al. 2015 ,
enavides et al. 2016b , Cornejo-Castillo and Zehr 2021 ). It is also
ound in association with larger size fractions ( > 3 μm), which has
aised speculation of a symbiotic- or particle-bound lifestyle (Be- 
avides et al. 2016b , Cornejo-Castillo and Zehr 2021 ; Fig. 2 a). 

Many other NCD taxa are routinely recovered in nifH gene sur-
 eys and, mor e r ecentl y, in meta genomic surv eys (see ‘Global
cean surveys using ‘omics provide insights into NCD abundance 
nd diversity’) of the pelagic oceans. Several recent studies have
emonstrated latitudinal shifts in NCD communities across the 
acific (Shiozaki et al. 2017 , Gradoville et al. 2020 , Raes et al. 2020 ).
or example, cold, nutrient-rich sub-Antar ctic w aters support 
CDs affiliated with α-, δ-, and ε-proteobacteria, along with Acti-
obacteria, while diverse γ -proteobacteria were seen in warmer,

ow latitude Pacific waters (Raes et al. 2020 ). Curr entl y, the biolog-
cal (e.g. nutrient limitation, grazing) or physical (e.g. advection on
urr ents) mec hanisms behind these observ ed latitudinal shifts in
CD community composition are not well-understood. 

photic waters and O 2 -deficient zones 

ctive N 2 fixation attributed to NCDs has been reported in aphotic
aters in the Pacific (Fernandez et al. 2011 , Hamersley et al. 2011 ,
onnet et al. 2013 , Löscher et al. 2014 , Benavides et al. 2015 , 2018c ,
 ay akumar et al. 2017 , Selden et al. 2019 ), Mediterranean Sea (Ra-
av et al. 2013 , Benavides et al. 2016a ), Baltic Sea (Farnelid et al.
013 ), and Black Sea (Kirkpatrick et al. 2018 ). Aphotic N 2 fixation
 ates ar e typicall y low ( < 1 nmol N l −1 d 

−1 ) making them difficult
o measure with accuracy and precision, especially given method- 
logical challenges associated with the low biomass often recov- 
red and the different 15 N 2 techniques (see ‘Moving from genes to
 ates: ar e NCDs fixing N 2 in the pelagic oceans?’). Ho w ever, consid-
ring the vastness of the marine aphotic zone, low but persistent
ates of N 2 fixation could significantly affect the global marine N
udget (Bonnet et al. 2013 , Benavides et al. 2016a ). Se v er al earl y
tudies r eported a photic N 2 fixation r ates in OMZs and suboxic
aters (e .g. F ernandez et al. 2011 , Hamersley et al. 2011 , Farnelid

t al. 2013 ), where NCDs are thought to be favored by O 2 -deplete
nd Fe-replete conditions where denitrification creates low N:P ra- 
ios (Deutsch et al. 2007 , Löscher et al. 2014 ). Ho w ever, in more
ecent studies, N 2 fixation was largely undetectable in the OMZs
nd suboxic waters in the Pacific and Indian Oceans (Chang et al.
019 , Selden et al. 2019 , Löscher et al. 2020 ), implying spatial or
empor al v ariability of a photic N 2 fixation and/or c hanges to the
alculation and reporting of detection limits (White et al. 2020 ). 

NCDs present in aphotic waters are mostly Cluster 1 α-
roteobacteria and γ -proteobacteria and Cluster 3 anaerobes af- 
liated with δ-proteobacteria and Clostridia (Fernandez et al. 2011 ,
amersley et al. 2011 , Bonnet et al. 2013 , Farnelid et al. 2013 ,
öscher et al. 2014 , Benavides et al. 2015 ). Clusters 2 and 4 nifH
equences have also been associated with OMZs (Löscher et al.
014 , J ay akumar et al. 2017 ). Although NCDs are well-established
s the dominant diazotrophs in aphotic waters and low rates of N 2 

xation have been measured, little is known about which NCDs
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r e activ e and the factors controlling their activity (see discus-
ion in ‘Environmental drivers of NCD biogeography , activity , and
resumed N 2 fixation’). 

olar seas 

 olar waters ha ve long been assumed to be devoid of N 2 fixation.
o w e v er, r ecent efforts to measure N 2 fixation in polar waters

uggest it is an activ e pr ocess in both the Arctic and Antarctic
ceans, particularly in coastal and continental shelf regions (Blais
t al. 2012 , Sipler et al. 2017 , Harding et al. 2018 , Shiozaki et al.
018b , 2020 ). While N 2 fixation by the UCYN-A/haptophyte sym-
iosis has been confirmed in polar waters (Harding et al. 2018 ),
CDs are also prevalent (Farnelid et al. 2011 , Blais et al. 2012 ,
ernandez-Mendez et al. 2016 , Shiozaki et al. 2018b ) and are sus-
ected to account for some portion of the N 2 fixation (Blais et al.
012 , Harding et al. 2018 ). In the Arctic, nifH gene surveys suggest
hat the NCD community in polar waters is primarily composed of
-proteobacterial sequence types affiliating with Clusters 1A and
 that are not closely related to sequence types r ecov er ed fr om
ther regions of the ocean (Blais et al. 2012 , Fernandez-Mendez
t al. 2016 , Shiozaki et al. 2018b ). Cluster 3 sequence types that
ppear endemic to the coastal Antarctic Ocean have also been
escribed by Shiozaki et al. ( 2020 ). Collectiv el y, the pr e v alence of
utativ e anaer obes suggest that sediment resuspension plays an

mportant role in shaping the pelagic diazotrophic community in
hese regions. Ho w ever, several γ -proteobacterial NCDs have also
een reported in the Antarctic with high nifH sequence similarity
o oligotrophic taxa [including Gamma A, identified as SV009 in
hiozaki et al. ( 2020 )]. 

Inter estingl y, a r ecent study r eported the pr esence of ‘ultr a-
mall’ ( < 0.22 μm) NCDs (Pierella Karlusich et al. 2021 ) compris-
ng up to 10% of the ultrasmall bacterioplankton in Arctic Ocean
aters based on meta genome-deriv ed abundances (described in

Global ocean surveys using ‘omics provide insights into NCD
bundance and diversity’). An ε-proteobacterium, Arcobacter ni-
rofigilis , dominated bacterioplankton populations at the surface
nd deep c hlor ophyll maxim um, while a γ -pr oteobacterium dom-
nated in the mesopela gic. Both ultr asmall diazotr ophs wer e also
resent in larger size fractions, suggesting they may have particle-
r symbiont-associated lifestyles. At present, the ecological and
iogeochemical importance of ultrasmall NCDs is unknown in the
lobal oceans. 

n vironmental dri vers of NCD 

iogeography , activity , and presumed N 2 
xation 

utrient perturbation experiments 

e are still in the early stages of understanding the environ-
ental controls on marine NCD biogeogr a phy and activity. Since

ew marine NCDs are available in culture , en vironmental con-
r ols m ust be inferr ed fr om biogeogr a phical surv eys coupled to
nvironmental data (discussed in ‘Meta-analysis of nifH gene
bundance data’) and from in situ experiments involving nutri-
nt and/or environmental manipulations. Such experiments have
ielded important insights but can be challenging to inter pr et
iv en the r egular co-occurr ence of c y anobacterial diazotrophs
nd NCDs, the complexity of microbial interactions among the
r oader comm unity, and the lac k of standardized a ppr oac hes
cross experiments. For example, some studies employ nifH am-
licon libraries, while others quantitatively target specific NCDs
ith qPCR/d dPCR. Ad ditionally, some studies note enhanced N 2 
xation rates without observed changes in NCD abundances/ nifH
ranscription, while other studies characterize the diazotroph
ommunity composition in the region, but not in the experiments
hemselves making interpretation challenging. Table 2 summa-
izes some environmental drivers of NCD abundance, nifH tran-
cription or putative N 2 fixation based on re presentati ve studies
sing a variety of approaches. 

Together these experiments indicate that NCD abundances and
ifH tr anscription ar e sometimes limited by the availability of F e ,
 (or both), and/or DOC in oligotrophic euphotic waters (Table 2 ).
amma A abundances appear to be influenced (at least in part) by

he availability of Fe in the Western South Pacific (Moisander et al.
012 ). Regional differ ences ar e seen in the r esponse of Gamma A
o N availability; N additions resulted in decreased abundances
f Gamma A in the Western South Pacific (Moisander et al. 2012 ),
hereas in the North Atlantic, abundances increased in experi-
ents with fixed N additions (Langlois et al. 2012 ). Aeolian dust

nput is an important source of Fe to surface oceans and has
een shown to influence NCD abundances in the North Atlantic
cean (Langlois et al. 2012 ) and the Mediterranean Sea (Ridame
t al. 2022 ). T he a v ailability of labile DOC is also a contr ol on
 2 fixation in regions where NCDs are thought to be the most
r e v alent diazotr ophs, like in the Eastern Tr opical South P acific

Dekaezemacker et al. 2013 , Turk-Kubo et al. 2014 , Knapp et al.
016 ). 

DOC a vailability ma y also be a particularl y important contr ol
n aphotic N 2 fixation (Table 2 ). For example, aphotic N 2 fixation
as positiv el y corr elated with tr anspar ent exopol ymeric particles

TEPs) in the oxygenated waters of the South Pacific Ocean and
he Mediterranean Sea (Rahav et al. 2013 , Benavides et al. 2015 ),
uggesting that TEPs could provide C-rich and/or O 2 -depleted mi-
r oenvir onments that favor NCD N 2 fixation. Mor eov er, additions
f glucose and amino acids occasionally enhance aphotic N 2 fix-
tion (Bonnet et al. 2013 , Rahav et al. 2013 , Löscher et al. 2014 ,
enavides et al. 2015 , Gradoville et al. 2017a ). 

Although these studies illustrate that perturbations in nutri-
nt a vailability (e .g. nutrient, trace metal, and labile organic C)
r environmental conditions (e.g. availability of light) can lead to
hanges in the abundance and nifH transcription of NCDs, data
rom these experiments are relatively sparse and spatially het-
r ogeneous. Fortunatel y, v aluable insights into the environmental
rivers behind diazotroph biogeography can also be inferred from
iogeogr a phical surv eys coupled to envir onmental data (‘Meta-
nalysis of nifH gene abundance data’). 

eta-analysis of nifH gene abundance data 

n the absence of direct cell counts, quantifying nifH gene abun-
ances (via qPCR or ddPCR) is ar guabl y the best method for enu-
erating NCDs and determining the biogeographical patterns

nd envir onmental driv ers of specific taxa. Unfortunatel y, oceano-
r a phic sample collection, DNA extraction, and nifH gene quantifi-
ation are laborious compared to more high-throughput methods
e.g. automated flow cytometry) and the cov er a ge of qPCR/ddPCR
ifH gene abundance datasets are often sparse in space , time , and
CD targets . T hus , it can be difficult to discern the global distribu-

ion patterns and envir onmental pr edictors of diverse NCD taxa
rom a single dataset. 

A global nifH qPCR database has been compiled for marine
 y anobacterial diazotrophs (Luo et al. 2012 , Tang et al. 2019a ),
 e v ealing taxon-specific biogeogr a phical patterns. Linking these
PCR abundances to environmental data has revealed both com-
on and distinct envir onmental driv ers among taxa. For ex-
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mple, abundances of UCYN-A, Crocosphaera , Trichodesmium , and
ichelia all correlate positively with temperature and negatively
ith depth, but UCYN-A is distributed across a larger tempera-

ur e r ange, specificall y being pr esent in lo w er temper atur e waters
Tang et al. 2019a ). 

To our knowledge, pr e vious compilations of global NCD nifH
ene abundance data have only targeted Gamma A (Langlois
t al. 2015 , Shao and Luo 2022 ). To increase understanding of
he distribution of NCDs beyond this phylotype, we compiled
PCR/ddPCR data from 59 published studies of the 55 targets

ncluded in our NCD nifH catalog (Fig. 1 ; Table S2, Supporting
nformation), yielding a total of 7385 water column observa-
ions (dataset doi: 10.5281/zenodo.6537451). This database shows
hat while NCD taxa have been quantified from many ocean re-
ions, there has been a strong sampling bias, with the most sam-
les collected from the North Pacific and few samples collected
rom the southern hemisphere (Figure S1, Supporting Informa-
ion). Data is sparse for some NCD taxa (e.g. n = 34 observations
f β-proteobacteria) but is particularly rich for γ -proteobacteria
 n = 4138 observ ations). Her e, we discuss the global distribu-
ions and environmental predictors of the three phylotypes for
hich the most data are available: Gamma A, Gamma 4, and a
-proteobacterium of the order Oceanospirilalles isolated by Rat-
en ( 2017 ) (‘Gamma OcSpi’), as well as the most data-rich Clus-
er 3 phylotype (‘ClusterIII-C’; Church et al. 2005a , Langlois et
l. 2008 ). nifH gene transcripts of these groups have all been ob-
erved, except for Gamma OcSpi, for which no nifH RT-qPCR data
either presence or absence) have been reported (Figure S2, Sup-
orting Information). There were eight additional NCD phylotypes
ith > 100 nifH gene abundance observations; ho w ever, in most

ases data for these phylotypes are only available from a single
cean region (Figure S3, Supporting Information). 

The four most data-ric h NCD phylotypes a ppear to hav e dif-
erent global and depth distributions (Fig. 3 ). Abundances of the
hr ee γ -pr oteobacterial phylotypes ar e all highest at the surface
nd decrease with depth. Gamma A has the best sampling cov-
r a ge of an y NCD phylotype ( n = 2339 samples), with nifH genes
etected in 63% of samples . T he highest Gamma A abundances
 > 10 6 nifH gene copies l –1 ) have been observed in the North Pa-
ific Ocean (Cheung et al. 2020 ), Indian Ocean (Wu et al. 2019 ),
CS (Liu et al. 2020 ), and New Caledonia Lagoon (Benavides et al.
018b ); Gamma A has not been detected in any samples collected
rom the Eastern South Pacific (Halm et al. 2012 , Turk-Kubo et al.
014 , Shiozaki et al. 2018a ; Fig. 3 A). Gamma 4 has only been quan-
ified in the P acific Ocean, wher e its nifH gene sequence has been
etected in 81% of samples ( n = 943). The highest abundances
 > 10 6 nifH gene copies l –1 ) have been observed in the North Pa-
ific and Eastern Tropical South Pacific. Gamma 4 values below
etection limits have been observed in the North P acific, Centr al
outh Pacific, Eastern Tropical South Pacific, and SCS (Halm et al.
012 , Löscher et al. 2014 , Chen et al. 2019 , Cheung et al. 2021 ).
amma OcSpi has only been explored in the upper 300 m of the
orth Atlantic, where nifH genes were detected in 98% of sam-
les ( n = 440; Ratten 2017 ). Maximum abundances of Gamma Oc-
pi wer e gener all y lo w er ( < 10 5 nifH gene copies l –1 ) compared to
amma A and Gamma 4 and the only observations of Gamma
cSpi below detection limits occurred in the western North At-

antic. Finally, ClusterIII-C nifH genes have been detected in 51% of
amples ( n = 147) and though a smaller number of samples have
een collected than for the γ -proteobacterial phylotypes , co verage
as been distributed over many ocean basins (Fig. 3 ). The highest
lusterIII-C abundances ( > 10 5 nifH gene copies l –1 ) have been ob-
erved in the North Pacific Subtropical Gyre (Church et al. 2005a ),
hile r elativ el y high abundances ( > 10 4 nifH gene copies l –1 ) have
een detected in the North Atlantic and the Bay of Bengal (Lan-
lois et al. 2008 , Löscher et al. 2020 ). Measurements of ClusterIII-C
elow detection limits have been reported in the Atlantic (Langlois
t al. 2008 ). Notably, abundances of ClusterIII-C do not decrease
ith de pth (Fig. 3 ), unlik e the γ -proteobacterial phylotypes, and

nstead have a positive depth trend. 
Comparing the distribution of these four NCD phylotypes is

omplicated by differences in sampling efforts and cov er a ge
Fig. 3 ). For instance, samples for Gamma 4 and Gamma OcSpi
av e onl y been collected in the P acific and Atlantic Oceans, r e-
pectiv el y, and the three γ -proteobacterial phylotypes are heavily
iased to w ar d surface samples. Sampling strategies designed to
arget NCDs in undersampled ocean regions may be particularly
seful for helping to constrain NCD biogeography. Reporting non-
etects is also useful for efforts to model diazotroph distributions

Meiler et al. 2022 ) and we encour a ge r esearc hers to do so in futur e
tudies. 

To investigate the potential environmental determinants of
CD phylotypes, we colocalized qPCR abundance data with
vailable World Ocean Atlas climatology, satellite observations,
rgo float data, and PICES model products using the Si-
ons Collabor ativ e Marine Atlas Project (Simons C-MAP, https:

/simonscmap.com , Ashkezari et al. 2021 ). Details on variables
nd space/time/depth tolerances used for colocalization are pro-
ided in Table S4 (Supporting Information). All sampling depths
ere included in this analysis, and while many environmental
 ariables cov aried with depth, their r elationships with nifH gene
bundances were generally consistent when restricting analyses
o surface samples (Figure S4, Supporting Information). 

Envir onmental driv ers of NCDs a ppear to differ among the
our phylotypes investigated and diverge from those described for
 y anobacterial diazotrophs (Fig. 4 ). Abundances of the three γ -
r oteobacteria corr elated positiv el y with temper atur e and neg-
tiv el y with NO 3 

− and phosphate (PO 4 
3 −) concentrations; these

ame tr ends hav e been observ ed for c y anobacterial diazotrophs
Tang et al. 2019a ). In contrast, abundances of ClusterIII-C corre-
ated negativ el y with temper atur e and positiv el y with NO 3 

− and
O 4 

3 − concentr ations (Fig. 4 ), r eflecting the positiv e depth tr end
or this phylotype (Figure S4, Supporting Information). Gamma
 and Gamma 4 abundances correlated negatively with the
O 3 

−:PO 4 
3 − (N:P) r atio, a tr end also observ ed for most c y anobac-

erial diazotrophs (Tang et al. 2019a ), while Gamma OcSpi and
lusterIII-C had weakl y positiv e but nonsignificant corr elations

o N:P. The highest abundances of the γ -proteobacterial phylo-
ypes were associated with moderate O 2 concentrations ( ∼4.5–
.5 ml l –1 ), while their abundances w ere lo w er at lo w O 2 concen-
rations (deep samples) and at high O 2 concentrations (supersatu-
ated and/or cold surface ocean waters). Cluster III-C abundances
 ppear negativ el y r elated to O 2 (although this trend was not statis-
ically significant), with some of the highest abundances observed
n deep, lo w-O 2 w aters ( < 1ml l –1 ). This is consistent with a poten-
iall y anaer obic or facultativ e anaer obic lifestyle , i.e . a c har acter-
stic of many Cluster 3 diazotrophs. Relationships between NCD
bundance and additional environmental variables are presented
n Figure S4 (Supporting Information). 

Ov er all, our anal ysis suggests gr eater v ariability in the bio-
eogr a phy and envir onmental pr edictors among NCD taxa than
mong c y anobacterial diazotr oph taxa. This likel y r eflects the tax-
nomic and metabolic diversity of NCDs, whic h ar e distributed
v er br oad bacterial and arc haeal linea ges (Fig. 1 ) and hav e div erse
ner gy gener ation and nutrient tr ansport mec hanisms (see ‘Di-
ersity and ecophysiological features inferred from MAGs’). While

https://simonscmap.com
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Figure 3. NCD taxa have distinct global and depth distribution patterns. Maps (A) , (C) , (E) , and (G) show the global nifH gene abundances of four NCD 

taxa at all sampling depths (0–4000 m) while depth plots (B) , (D) , (F) , and (H) show the upper 300 m onl y. Observ ations of no detect are represented by 
gr ay squar es; observ ations of detect but not quantifiable (DNQ) wer e giv en a nominal v alue of 1 nifH gene l –1 in the database and ar e r epr esented by 
gra y triangles . Dataset doi: 10.5281/zenodo.6537451. 
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Figur e 4. En vir onmental pr edictors v ary among NCD taxa. NCD nifH gene abundances ar e plotted a gainst envir onmental metadata fr om World Ocean 
Atlas monthly climatology (temperature , nitrate , phosphate , N:P, and O 2 concentration) and Pisces model output of phytoplankton biomass in units of 
carbon (modeled phytoplankton C). Tolerances for colocalization are presented in Table S4 (Supporting Information). Each point represents an 
individual nifH gene abundance sample, with sample depth shown in color. Note that a small fraction of data with outlying x -axis values were 
excluded from plots. Black lines and gray shading represent the smoothed conditional mean and 95% confidence intervals. Symbols ( + /-) reflect 
positive and negative correlations (Spearman rank with Bonferroni correction for 28 comparisons). 
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genome comparisons among the four NCD taxa examined here 
are not yet possible, we presume that they have divergent eco- 
physiological features that may explain their different environ- 
mental drivers and distributions. 

NCD biogeography and ecophysiology from 

metagenomes and meta tr anscriptomes 

Global ocean surveys using ‘omics provide 

insights into NCD abundance and diversity 

Investigations of the global diversity and distribution of NCDs 
from an ‘omics perspective are now possible due to recent im- 
pr ov ements in HTS tec hniques, decr eases in sequencing costs,
and global ocean surveys focused on primer independent se- 
quencing including Tara Oceans (Karsenti et al. 2011 ) and the 
Malaspina (Duarte 2015 ) expeditions . T he Tara Oceans expedi- 
tion has provided the most samples and deepest metagenomic se- 
quencing effort to date for the open ocean (Sunagawa et al. 2015 ,
Carradec et al. 2018 , Salazar et al. 2019 ), with sampling cov er a ge 
including all major ocean regions from the euphotic layer to the 
mesopelagic sea. The first version of the Ocean Microbiome Refer- 
ence Gene Catalog (OM-RGC; Sunagawa et al. 2015 ) focused on the 
free-living size faction ( < 3 μm) and provided a total of 28 nifH gene 
sequence v ariants, onl y two of whic h belonged to c y anobacteria 
(Cornejo-Castillo 2017 ). In recent years, increased metagenomic 
data available from undersampled en vironments , including polar 
regions and the deep ocean, has r e v ealed ne w NCD nifH sequence 
variants, altogether showing that NCDs are globally distributed in 

surface and mesopelagic layers (Cornejo-Castillo 2017 , Salazar et 
al. 2019 , Acinas et al. 2021 , Pierella Karlusich et al. 2021 , Delmont 
et al. 2022 ). Some NCD nifH gene sequences are different from se- 
quences identified with primer-based a ppr oac hes, suggesting they 
may r epr esent nov el diazotr ophic div ersity not found in pr e vious 
studies (Fig. 1 ; Cornejo-Castillo 2017 , Delmont et al. 2018 , 2022 ).
In addition, the reconstruction of MAGs has provided vital insight 
into the genomic content of some marine NCDs, which is crucial 
to gain a better understanding of their physiology and ecology (see 
‘Diversity and ecophysiological features inferred from MAGs’). 

One adv anta ge of meta genomic a ppr oac hes is that normal- 
ization of nitrogenase genes to other genetic markers can pro- 
vide an estimate of the r elativ e abundance of NCDs to the to- 
tal bacterioplankton community. Using this method, NCDs have 
been estimated to be more abundant than some previous reports 
( ∼10 6 cells l −1 ; Delmont et al. 2018 ); NCDs were also among the 
top contributors to the nifH transcript pool in Tara Ocean sam- 
ples (Salazar et al. 2019 ). The r elativ e contributions of NCDs to 
total bacterioplankton were higher in large (5–20 μm) size frac- 
tions than in small (0.2–3 μm) size fr actions (Pier ella Karlusic h 

et al. 2021 ) and r elativ e abundances were significantly higher in 

the mesopelagic than in surface waters (Cornejo-Castillo 2017 ,
Salazar et al. 2019 , Pierella Karlusich et al. 2021 ). Ho w ever, these 
estimations should be inter pr eted with caution since they have 
yet to be corr obor ated using other quantitative approaches. 

Di v ersity and ecophysiological features inferred 

from MAGs 

Acquiring NCD genomes from cultivated isolates and the assem- 
bly and binning of MAGs from the metagenomic datasets de- 
scribed above enables the prediction of metabolic pathwa ys , and 

hence ecophysiological features, of marine NCDs from the surface 
ocean, estuaries, OMZs, and the bathypelagic (Bentzon-Tilia et al.
2015b , Martinez-Perez et al. 2018 , Acinas et al. 2021 , Cheung et 
l. 2021 , Poff et al. 2021 , Delmont et al. 2022 ). Recently, 40 puta-
ive NCD MAGs with a high percent of completion were recon-
tructed from the Tara Oceans expedition (termed Heter otr ophic
acterial Diazotrophs, see Box 1) providing the largest dataset of
he genomic potential of marine NCDs to date (Delmont et al.
022 ). These MAGs r epr esent div erse NCDs affiliated to Proteobac-
eria, Planctomycetes, and Verrucomicrobia ( nifH Clusters 1 and 

). NCD MAGs contributed nearly half of the total nifH gene se-
uences detected in the Tara Oceans metagenomic dataset, al- 
hough their nifH gene transcripts were greatly outnumbered by 
hose of c y anobacterial diazotr ophs (Figur e S5A, Supporting Infor-

ation). Among the NCD MAGs, γ -proteobacteria contributed the 
ajority of the nifH sequences in both the metagenomic (55%) and
etatranscriptomic (78%) datasets, follo w ed b y δ-proteobacteria 

 ∼15% of both nifH genes and transcripts). In contrast, Plancto-
ycetes and ɑ -proteobacteria contributed 2%–3% of the nifH tran-

cripts, while their r elativ e abundances at DNA le v el wer e simi-
ar to δ-proteobacteria. The remaining NCD MAGs were affiliated 

ith β-pr oteobacteria, ε-pr oteobacteria, and Verrucomicr obiota,
hich contributed < 3% to the total nifH genes and transcripts (Fig-
re S5B, Supporting Information). These findings suggest that γ - 
roteobacteria and δ-proteobacteria may be the dominant NCDs 

n the pelagic oceans. 
We examined the ecophysiological features of NCD MAGs, fo- 

using specifically on pathwa ys in volv ed in ener gy gener ation
ther than aer obic r espir ation and in the transport of fixed N,
hich can inhibit c y anobacterial N 2 fixation (Knapp 2012 ). In ad-
ition, we inferred potential regulatory mechanisms of N 2 fixation 

ased on our understanding of similar pathways from terrestrial 
odel NCDs, described in detail below. All MAGs with > 90% com-

leteness (as estimated by Anvi’o; Eren et al. 2015 ) containing all
he nitr ogenase structur al genes ( nifHDK ) wer e included in this
nalysis (30 MAGs) and potential pathways in these MAGs were 
econstructed using KEGGMAPPER (Kanehisa et al. 2012 ). 

Although ther e hav e been r eports of photoheter otr ophic and
 hemolithoautotr ophic NCDs in estuarine and bathypelagic wa- 
ers (Bentzon-Tilia et al. 2015a , Acinas et al. 2021 ), all Tara Ocean
CD MAGs were originally identified as chemoheterotrophs (Del- 
ont et al. 2022 ). Ne v ertheless, se v er al ener gy gener ating path-
ays other than aerobic respiration were detected in the NCD
AGs , including e .g. anoxygenic photosystem II (APII), dissimi-

atory sulfate reduction (DSR), the SO X pathw a y (i.e . sulfur oxi-
ation), dissimilatory NO 3 

− reduction to NH 4 
+ (DNRA), and den- 

trification (Fig. 5 A; Hu et al. 2002 , Kraft et al. 2011 , Santos et
l. 2015 , Grabarczyk and Berks 2017 ). APII was only detected
n an α-proteobacterial MAG and DSR was constrained to δ-
r oteobacteria. In contr ast, the SO X pathw ay and DNRA w ere de-
ected across MAGs of various groups. Denitrification was found 

n an α-proteobacterial MAG and two γ -proteobacterial MAGs. Ap- 
r oximatel y, half of the NCD MAGs contained at least one of these
ner gy gener ating pathwa ys , and one-third of them contained
ultiple pathwa ys . 
The NCD MAGs contained the genes for ABC transporters 

f various chemical forms of N, P, and Fe (Fig. 5 B; Figure S6,
upporting Information). The genes encoding NH 4 

+ transporters 
ere detected in all NCD MAGs but only in some c y anobacte-

ial diazotrophic MAGs. Additionally, the γ -proteobacterial and 

-proteobacterial NCDs were genetically capable of transporting 
O 3 

−, NO 2 
−, c y anate , urea, and amino acids , while the other NCDs

nd c y anobacterial diazotr ophs gener all y lac ked some or all genes
n these pathwa ys . T he genetic capacity for uptake/transport of

ore forms of fixed N in NCDs than in c y anobacterial diazotrophs
uggests that some NCDs may be facultativ e diazotr ophs and
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Figure 5. Ecophysiological features of NCDs include pathways involved in energy generation and transport of fixed N not present in c y anobacterial 
diazotr ophs. Color r epr esents pr esence/absence of metabolic pathways (blac k: all genes; gr ay: one missing gene; and white: no genes) related to energy 
acquisition (A) , N uptake (B) , and regulation of nitrogenase synthesis and activity (C) of NCDs and c y anobacterial diazotrophs as inferred from 

r econstructed Tar a Oceans MAGs (Delmont et al. 2022 ). Alpha = ɑ -pr oteobacteria; Beta = β-pr oteobacteria; Delta = δ-pr oteobacteria; Epsilon = 

ε-proteobacteria; Gamma = γ -proteobacteria; Plancto = Planctomycetes; and Verruco = Verrucomicrobiota. See Fig. 6 for more details about these 
regulatory pathways and the proteins involved. 
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witch to alternative fixed N forms when available under certain
onditions. Most NCD MAGs also contained diverse P and Fe up-
ake pathways (Figure S6, Supporting Information). 

N 2 fixation is a highly regulated process, due both to the en-
rgetic demands (high ATP and reductant requirements) and O 2 

ensitivity of nitrogenase. As such, there are multiple complex
athways for the sensing of alternative N sources and intracellu-

ar O 2 conditions. Many potential N/O 2 sensing regulatory mecha-
isms of N 2 fixation were found in the NCD MAGs (Figs 5 C and 6 ).
ll NCD MAGs contained the nifA gene, which is the major reg-
lator that interacts with the upstream environmental sensing
athways and controls the transcription of the nif operon in ter-
estrial NCDs (Dixon and Kahn 2004 ). In terms of known N-sensing
 egulatory mec hanisms, onl y the pr oteobacterial MAGs contained
he genes encoding the N sensing protein (GlnD) and PII proteins
GlnB or GlnK). Additionally, within that group, nearly all the α-
r oteobacterial and γ -pr oteobacterial MAGs contained the genes
or the two-component system (NtrB-NtrC) that regulates the ex-
ression of nifA gene. Briefly, when alternative N forms are in ex-
ess, activ ation of nifA tr anscription is inhibited by the r emov al of
ridyl yl gr oups fr om PII by GlnD, whic h then inter acts with NtrB
nd inhibits NtrC (Bueno Batista and Dixon 2019 ). When N is lim-
ting, the PII proteins are uridylylated by GlnD, which cannot in-
eract with NtrB-NtrC; uridylylated PII proteins can also directly
ctivate the NifA protein, and thus allow the expression of the nif
peron (Dixon and Kahn 2004 ). Another regulatory protein (NifL),
nown to interact with non-uridylylated PII and inhibit NifA under
xcess N conditions in the terrestrial γ -proteobacterial diazotroph
. vinelandii (Little et al. 2000 ) was also detected, but mostly in γ -
roteobacterial MAGs (Fig 5 C). 

Some NCD MAGs also contained genes for O 2 (FixL-FixJ) and
edox (RegB-RegA) sensing two-component regulatory systems
Figs 5 C and 6 ). When the intracellular conditions favor the ac-
ivity of the O 2 -sensitiv e nitr ogenases, these systems can activate
he transcription of the nifA gene and allow the synthesis of nitro-
enase (Dixon and Kahn 2004 ). The Fnr pr otein, whic h was mostly
etected in γ -proteobacterial MAGs, can also sense O 2 le v els and

s important in maintaining the non-inhibitory form of NifL and
he functioning of NifA in the terrestrial γ -proteobacterial dia-
otroph Klebsiella pneumoniae (Grabbe et al. 2001 ). Moreover, the
ifA in some NifL-lacking terrestrial NCDs can also dir ectl y sense
 2 le v el (Dixon and Kahn 2004 ), which could theoretically be the
ase for some of the marine NCDs that appear to lack known O 2

ensing systems. 
In addition to these regulatory processes, genes coding for cy-

oc hr ome bd (CydABX) were found in most γ -proteobacterial and
-proteobacterial MAGs (Figs 5 C and 6 ). The cytoc hr ome bd con-
umes large amounts of O 2 during ATP gener ation, whic h was
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Figure 6. NCDs use diverse regulatory pathways for N 2 fixation. Circular dia gr ams next to each regulatory pathway represent the presence or absence 
of the corresponding genes in at least one MAG from each NCD group (Alpha = ɑ -proteobacteria; Beta = β-proteobacteria; Delta = δ-proteobacteria; 
Epsilon = ε-proteobacteria; Gamma = γ -proteobacteria; Plancto = Planctomycetes; and Verruco = Verrucomicrobiota) as indicated by color (presence) 
or white (absence). 
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found to be important in reducing intracellular O 2 levels through 

r espir ation for aerobic N 2 fixation in A. vinelandii (Poole and Hill 
1997 ). Additionall y, of r ele v ance to intr acellular O 2 r egulation,
a recent study has proposed that hopanoids can act as an O 2 - 
diffusion barrier that protects the O 2 -sensitive nitrogenase in ma- 
rine c y anobacteria (Cornejo-Castillo and Zehr 2019 ); ho w e v er, the 
gene for hopanoid synthesis [squalene-hopene cyclase ( shc )] was 
absent in most NCD MAGs, except Planctomycetes (Fig. 5 C). Inter- 
estingl y, man y of these regulatory pathways were not detected in 

the MAGs of c y anobacterial diazotrophs (Fig. 5 ). 
Acquisition and analysis of these MAGs provides unprece- 

dented insight into the genomic potential of marine NCDs . T he 
emerging pattern suggests that collectively this group may rely 
on alternative N sources in place of N 2 fixation under oxygenated 

conditions, as evidenced by the di verse N uptak e proteins de- 
tected, along with the presence of N/O 2 -sensing regulatory path- 
wa ys . Futur e studies le v er a ging in situ whole genome transcription 

fr om NCDs ar e needed to link metabolic status (e.g. fixing N 2 vs.
r el ying on N-uptake) with environmental conditions. 

Mo ving fr om genes to r a tes: are NCDs fixing 

N 2 in the pelagic oceans? 

The high diversity and wide distribution of NCDs and the occa- 
sional detection of nifH transcripts in PCR-based and metatran- 
scriptomic datasets are often referenced as indicators of the sig- 
nificance of NCDs to marine N 2 fixation. Numerous attempts have 
been made to link NCD presence and/or active transcription of 
nifH to whole community N 2 fixation. This is challenging in the 
well-lit surface ocean given the generally low abundance of NCDs 
 elativ e to co-occurring c y anobacterial diazotrophs (Moisander et
l. 2017 ). Ho w e v er, ther e ar e some r eports of N 2 fixation r ates
her e NCDs ar e abundant and c y anobacterial diazotr ophs ar e ab-

ent (Yogev et al. 2011 , Großkopf et al. 2012 , Halm et al. 2012 ,
öscher et al. 2014 , Shiozaki et al. 2014 , 2017 , Bentzon-Tilia et
l. 2015b , Rahav et al. 2016 ), occasionally at high rates (e.g.
4.8 ± 8.4 nmol N l -1 d 

-1 ; Löscher et al. 2014 ). But even when
uc h dir ect comparisons ar e possible (e.g. NCD cell abundances
nd N 2 fixation rates are both re ported), discre pancies often exist
etween NCD abundances and potential N 2 fixation rates (Turk- 
ubo et al. 2014 ), suggesting underestimates of NCD abundances
nd/or cell-specific rates or overestimates of whole community 
 2 fixation rates. 
Proving that NCDs fix N 2 in aphotic waters is also challenging.

he low rates reported for many aphotic samples ( < 1nmol N l −1 

 

−1 ) are near detection limits for the 15 N 2 uptake assay, which
ave not historically been reported throughout the literature 

Gradoville et al. 2017a ). Reports of commercial 15 N 2 gas stocks
ontaminated with 

15 NH 4 
+ and/or 15 NO 3 

−/ 15 N-nitrite (NO 2 
−) raise

 concern that some a ppar ent r ates could be artifacts driv en by
xed N uptake (Dabundo et al. 2014 ). Additionally, measuring ac-
urate N 2 fixation rates from the mesopelagic, where particulate 
 concentr ations ar e low, can be logisticall y c hallenging due to the

ar ge filtr ation volumes needed to produce sufficient N content for
ass spectrometry (White et al. 2020 ). Fortunately, the scientific

ommunity is now coming to a consensus regarding best practices
or measuring and r eporting N 2 fixation r ates in the face of these
hallenges (White et al. 2020 ). Ho w ever, more data validating ac-
ive N 2 fixation by NCDs in aphotic waters is needed and linking
ates to a particular NCD taxon remains a challenge. 



18 | FEMS Microbiology Reviews , 2023, Vol. 47, No. 6 

Figure 7. Pr edicated featur es of euphotic marine NCD comm unities ar e likel y influenced by habitats . P otential str ategies used by NCDs to acquir e 
energy and C needed to support N 2 fixation with energetic constraints and O 2 inactivation of nitrogenase. Question marks emphasize where many 
open questions r emain. Notabl y, ther e is recent evidence that NCDs may be fixing N 2 on particles, as discussed in this r e vie w (Geisler et al. 2019 ). 
EPS—extr acellular pol ymeric substances. Cr eated with BioRender.com. 
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Measur ements of taxonomicall y-r esolv ed single-cell NCD N 2 

xation rates in marine waters ar e extr emel y sparse. Farnelid et
l. ( 2014 ) isolated more than 60 strains of putative NCDs from
altic Sea surface waters, more than half of which fixed N 2 under
ulture conditions. Single-cell N 2 fixation rates (up to 0.17 fmol
 cell −1 h 

−1 ) of Baltic Sea isolates indicated that NCDs could be
 locally-important N source if they fix N 2 at these rates in the
nvir onment giv en in situ abundances (10 4 cells L -1 ; Bentzon-Tilia
t al. 2015a ). Additionall y, Martinez-Per ez et al. ( 2018 ) isolated an
-proteobacterial NCD, Sagittula castanea (targeted by the qPCR as-
ay CE1_45m_12_ ɑ , Zhang et al. 2011 ), from sulfidic waters in the
pwelling region off the coast of Peru and successfully measured
ingle-cell rates of 0.0008–0.060 fmol N cell −1 d 

−1 under culture
onditions. N 2 fixation was only detected under anoxic conditions
despite being isolated from oxic waters) and was stimulated by
O 2 

− and inhibited by NH 4 
+ . Importantly, in situ single-cell N 2 fix-

tion rates by S. castanea were undetectable, despite measurable
ulk rates during the time of isolation, suggesting that in situ N 2 

xation by S. castanea may be transient and dependent on the de-
elopment of anoxia. 

Single-cell N 2 fixation rates from marine NCDs, both in situ and
rom nutrient perturbation experiments, are critically needed to
alidate their role in marine N 2 fixation and better understand
nvir onmental contr ols on their acti vity. Ad vances in single cell
isualization techniques including CARD-gene-FISH (Moraru et
l. 2010 ), mRNA-FISH (Pilhofer et al. 2009 , McInnes et al. 2014 ),
ISH-TAMB (Harris et al. 2021 ), and nitr ogenase imm unolabeling
Geisler et al. 2019 , 2020 ), hold pr omise for measuring tar geted
CD single-cell N 2 fixation rates if they could be successfully cou-
led to 15 N 2 incubations and nanoscale secondary ion mass spec-
rometry (nanoSIMS). Ho w ever, technical challenges arising from
ow cell concentrations in complex environmental samples and
ample pr epar ation steps that dilute the 15 N signal (Meyer et al.
021 ) r equir e innov ativ e solutions. Furthermor e, giv en that NCD
 2 fixation may be a tr ansient pr ocess, especiall y in particle mi-
r oenvir onments (Riemann et al. 2022 ), capturing active NCD N 2 

xation may curr entl y be hamper ed by insufficient tempor al and
patial sampling resolution (Benavides and Robidart 2020 ). 

uture perspectives 

he past two decades of r esearc h hav e gr eatl y incr eased our un-
erstanding of marine NCDs and a fr ame work for understand-
ng these organisms is now emerging (Fig. 7 ). Diverse NCD se-
uences have been detected from many ocean environments and
abitats using both primer-based and primer-free approaches, un-
erscoring their pr e v alence in the marine system. Insights from
ultivation-based studies and marine NCD MAGs have revealed
otential physiolog ical strateg ies that marine NCDs may use to
ounter the inhibition of nitrogenase by O 2 and acquire enough
nergy to fuel N 2 fixation, such as forming self-aggregates in mi-
r oaer ophilic conditions and the ability to use alternative en-
rgy sources (Bentzon-Tilia et al. 2015a , Martinez-Perez et al.
018 , Acinas et al. 2021 ; Fig. 5 A). Furthermor e, r econstructing the
etabolic potential of NCDs from MAGs shows that the phylo-

enetic diversity of this group is mirrored by diverse ecophysi-
log ical strateg ies . Marine NCDs ha ve complex genetic systems
o sense O 2 and N-availability and are able to use many alter-
ative N sources, suggesting that some NCDs may be function-

ng as facultative diazotrophs. Collectively, these findings help ex-
lain why NCDs appear to inhabit such disparate habitats, from
unlit surface waters to the bathypelagic and to diverse benthic
ystems. 

Despite these adv ances, man y open questions r emain (empha-
ized in Fig. 7 ). In addition to the critical need to demonstrate ac-
ive N 2 fixation in marine NCDs (discussed in ‘Moving from genes
o r ates: ar e NCDs fixing N 2 in the pela gic oceans?’), better c har-
cterizing habitats and lifestyles of NCDs will be k e y to under-
tanding the factors promoting active N 2 fixation. This includes
etermining whether NCD N 2 fixation is r estricted onl y to low O 2

icrohabitats (e.g. particle- or aggregate-associated), or if NCDs
an fix N 2 aer obicall y (like some terr estrial counter parts) and if so,
ow they mitigate O 2 inactivation of nitrogenase. Another inter-
sting question to r esolv e is whether some NCD taxa have formed
bligate symbioses with other planktonic species, an evolution-
ry strategy that has led to many symbioses between cyanobac-
erial diazotrophs and algae (Villareal 1992 , Thompson et al. 2012 ,
c hv arcz et al. 2022 ). 

At this time, the substantial knowledge gaps discussed
hroughout this review impede obtaining reasonable estimates of
CD contributions to the global marine N cycle, and the biogeo-

hemical significance of NCDs remains uncertain. Ultimately, de-
ermining the importance of marine NCDs will r equir e measur e-

ents of single cell N 2 fixation rates as well as advances in tech-
iques to collect, enric h, c har acterize, and manipulate a ggr egates
nd particles, cultivate rare marine microbes, and increase tem-
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poral and spatial resolution of N 2 fixation rates coupled to PCR- 
based and PCR-free surveys. 

Ac kno wledgments 

We gr atefull y ac knowledge Mohammad Ashkezari and the Si- 
mons CMAP technical support team (University of Washington) 
for help with metadata colocalization and Ellen Salomon (Uni- 
versity of Copenhagen) for feedback on the manuscript. We also 
thank Mar Benavides (Mediterranean Institute of Oceanogr a phy),
Hugo Berthelot (European Molecular Biology Laboratory), Deniz 
Bombar (FUJIFILM Diosynth Biotechnologies), Julie LaRoche (Dal- 
housie Univ ersity), Car olin Lösc her (Univ ersity of Southern Den- 
mark), Clar a Martínez-Pér ez (ETH Züric h), Takuhei Shiozaki (Uni- 
versity of Tok y o), and Yao Zhang (Xiamen University) for providing 
depths, times and/or locations from their qPCR-based studies that 
enabled ingestion into CMAP. 

Supplementary data 

Supplementary data are available at FEMSRE online. 

Conflict of interest statement : None declared. 

Funding 

This work was supported by the National Science Foundation 

(grant number OCE-2023498 to K.A.T.-K., and OCE-2023278 to 
K.R.A., Stanford); the Simons Foundation (award ID 824082 to 
J.P.Z.); Simons Collaboration on Ocean Processes and Ecology 
(SCOPE, aw ar d ID 724220 to J.P.Z.); ’La Caixa’ Foundation (ID 

100010434, grant 105090 to F.M.C .-C .); the European Union’s Hori- 
zon 2020 Research and Innovation Programme under the Marie 
Skłodowska-Curie (grant 847648 to F.M.C .-C .]; and the ‘Severo 
Oc hoa Centr e of Excellence’ accr editation thr ough the Spanish 

Gov ernment (gr ant CEX2019-000928-S to F.M.C .-C .). 

References 

Acinas SG , Sanchez P, Salazar G et al. Deep ocean meta genomes pr o- 
vide insight into the metabolic arc hitectur e of bathypela gic mi- 
cr obial comm unities. Commun Biol 2021; 4 :604.

Ashkezari MD , Hagen NR, Denholtz M et al. Simons Collabor ativ e 
Marine Atlas Project (Simons CMAP): an open-source portal to 
share , visualize , and analyze ocean data. Limnol Oceanogr Methods 
2021; 19 :488–96.

Azam F , Malfatti F. Microbial structuring of marine ecosystems. Nat 
Rev Microbiol 2007; 5 :782–91.

Azim uddin KM , Hir ai J, Suzuki S et al. Possible association of dia- 
zotrophs with marine zooplankton in the Pacific Ocean. Microbi- 
ologyOpen 2016; 5 :1016–26.

Benavides M , Bonnet S, Berman-Frank I et al. Deep into oceanic N 2 

fixation. Front Mar Sci 2018a; 5 :1–4.
Benavides M , Bonnet S, Hernández N et al. Basin-wide N 2 fixation in 

the deep waters of the Mediterranean Sea. Glob Biogeochem Cycl 
2016a; 30 :952–61.

Benavides M , Bonnet S, Le Moigne FAC et al. Sinking Trichodesmium 

fixes nitrogen in the dark ocean. ISME J 2022; 1 :2398–405.
Benavides M , Martias C, Elifantz H et al. Dissolved organic matter 

influences N 2 fixation in the New Caledonian lagoon (Western 

Tropical South Pacific). Front Mar Sci 2018b; 5 :1–11.
enavides M , Moisander PH, Berthelot H et al. Mesopelagic N 2 fixa-
tion related to organic matter composition in the Solomon and
Bismarck Seas (Southwest Pacific). PLoS ONE 2015; 10 :e0143775.

enavides M , Moisander PH, Daley MC et al. Longitudinal variabil-
ity of diazotroph abundances in the subtropical North Atlantic 
Ocean. J Plankton Res 2016b; 38 :662–72.

enavides M , Robidart J. Bridging the spatiotemporal gap in di-
azotroph activity and diversity with high-resolution measure- 
ments . F ront Mar Sci 2020; 7 :568876.

enavides M , Shoemaker KM, Moisander PH et al. Aphotic N 2 fixation
along an oligotrophic to ultraoligotrophic transect in the western 

tropical South Pacific Ocean. Biogeosciences 2018c; 15 :3107–19.
entzon-Tilia M , Se v erin I, Hansen LH et al. Genomics and ecophys-

iology of heter otr ophic nitr ogen-fixing bacteria isolated fr om es-
tuarine surface water. mBio 2015a; 6 :e00929.

entzon-Tilia M , Traving SJ, Mantikci M et al. Significant N 2 fixation by
heter otr ophs, photoheter otr ophs and heter oc ystous c y anobacte-
ria in two temperate estuaries. ISME J 2015b; 9 :273–85.

erthelot H , Benavides M, Moisander PH et al. High-nitrogen fixa-
tion rates in the particulate and dissolved pools in the Western
Tr opical P acific (Solomon and Bismar ck Seas). Geoph ys Res Lett
2017; 44 :8414–23.

ird C , Martinez Martinez J, O’Donnell AG et al. Spatial distribution
and transcriptional activity of an uncultured clade of planktonic 
diazotr ophic γ -Pr oteobacteria in the Ar abian Sea. A ppl Environ Mi-
crobiol 2005; 71 :2079–85.

lais M , Tremblay JÉ, Jungblut AD et al. Nitrogen fixation and identi-
fication of potential diazotrophs in the Canadian Arctic. Glob Bio-
geochem Cycl 2012; 26 :GB3022.

olhuis H , Se v erin I, Confurius-Guns V et al. Horizontal transfer of the
nitrogen fixation gene cluster in the c y anobacterium Microcoleus
chthonoplastes . ISME J 2010; 4 :121–30.

ombar D , Moisander PH, Dippner JW et al. Distribution of di-
azotr ophic micr oor ganisms and nifH gene expr ession in the
Mek ong Riv er plume during intermonsoon. Mar Ecol Progr Ser
2011; 424 :39–52.

ombar D , Paerl RW, Riemann L. Marine non-c y anobacterial dia-
zotrophs: moving beyond molecular detection. Trends Microbiol 
2016; 24 :916–27.

ombar D , Turk-Kubo KA, Robidart J et al. Non-c y anobacterial nifH
phylotypes in the North Pacific Subtropical Gyre detected by flow-
cytometry cell sorting. Environ Microbiol Rep 2013; 5 :705–15.

onnet S , Dekaezemacker J, Turk-Kubo KA et al. Aphotic N 2 fixation in
the Eastern Tropical South Pacific Ocean. PLoS ONE 2013; 8 :e81265.

ostrom KH , Riemann L, Kuhl M et al. Isolation and gene quantifica-
tion of heter otr ophic N 2 -fixing bacterioplankton in the Baltic Sea.
Environ Microbiol 2007; 9 :152–64.

r aun S , Pr octor L, Zani S et al. Molecular evidence for zooplankton-
associated nitrogen-fixing anaerobes based on amplification of 
the nifH gene. FEMS Microbiol Ecol 1999; 28 :273–9.

rown SM , Jenkins BD. Profiling gene expression to distinguish the
lik ely acti ve diazotrophs from a sea of genetic potential in marine
sediments. Environ Microbiol 2014; 16 :3128–42.

ru D , Martin-Laurent F, Philippot L. Quantification of the detrimen-
tal effect of a single primer-template mismatch by real-time PCR
using the 16S rRNA gene as an example. Appl Environ Microbiol
2008; 74 :1660–3.

ueno Batista M , Dixon R. Manipulating nitr ogen r egulation in
diazotrophic bacteria for agronomic benefit. Biochem Soc Trans 
2019; 47 :603–14.

abello AM , Turk-Kubo KA, Hayashi K et al. Unexpected presence of
the nitrogen-fixing symbiotic c y anobacterium UCYN-A in Mon- 
terey Bay, California. J Phycol 2020; 56 :1521–33.

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuac046#supplementary-data


20 | FEMS Microbiology Reviews , 2023, Vol. 47, No. 6 

C  

 

C  

 

 

C  

 

C  

 

C  

 

C  

C  

 

C  

 

C  

 

 

C  

 

C  

 

C  

 

C  

 

C  

C  

 

C  

 

C  

 

D  

 

 

D  

 

D  

 

 

D  

 

D  

 

D  

 

D  

 

D  

 

 

D  

 

D  

D  

D  

 

D  

D  

E  

F  

 

F  

 

F  

 

F  

 

 

F  

 

 

F  

 

F  

F  

 

 

F  

F  

 

663–76.
ao S , Zhang W, Ding W et al. Structure and function of the Arctic
and Antarctic marine microbiota as revealed by metagenomics.
Microbiome 2020; 8 :1–12.

apone DG , Burns JA, Monto y a JP et al. Nitrogen fixation by Tri-
chodesmium spp.: an important source of new nitrogen to the trop-
ical and subtropical North Atlantic Ocean. Glob Biogeochem Cycl
2005; 19 :G03002.

apone DG . 1983 Benthic Nitro gen Fixation. Nitro gen in the Marine En-
vironment . Carpenter EJ, Capone DG (eds.), New York: Academic
Press, 105–37.

a puto A , Stenegr en M, Pernice MC et al. A short comparison of
two marine planktonic diazotrophic symbioses highlights an un-
quantified disparity. Front Mar Sci 2018; 5 :1–8.

arpenter EJ , Price CC. Nitrogen fixation, distribution, and produc-
tion of Oscillatoria ( Trichodesmium ) spp. in the western Sargasso
and Caribbean Seas. Limnol Oceanogr 1977; 22 :60–72.

arradec Q , Pelletier E, Da Silva C et al. A global ocean atlas of eu-
karyotic genes. Nat Commun 2018; 9 :1–13.

hakraborty S , Andersen KH, Visser AW et al. Quantifying nitrogen
fixation by heter otr ophic bacteria in sinking marine particles. Nat
Commun 2021; 12 :1–14.

hang BX , J ay akumar A, Widner B et al. Low rates of dinitrogen
fixation in the eastern tropical South Pacific. Limnol Oceanogr
2019; 64 :1913–23.

hen T-Y , Chen Y-lL, Sheu D-S et al. Community and abundance of
heter otr ophic diazotr ophs in the northern South China Sea: re-
vealing the potential importance of a new alphaproteobacterium
in N 2 fixation. Deep Sea Res Part I 2019; 143 :104–14.

heung S , Nitanai R, Tsurumoto C et al. Physical forcing controls the
basin-scale occurrence of nitrogen-fixing organisms in the North
Pacific Ocean. Glob Biogeochem Cycl 2020; 34 :p .e2019GB006452. 

heung S , Zehr JP, Xia X et al. Gamma4: a genetically versatile
Gamma pr oteobacterial nifH phylotype that is widely distributed
in the North Pacific Ocean. Environ Microbiol 2021; 23 :4246–59.

hurch MJ , Jenkins BD, Karl DM et al. Vertical distributions of
nitrogen-fixing phylotypes at Stn ALOHA in the oligotrophic
North Pacific Ocean. Aquat Microb Ecol 2005a; 38 :3–14.

hurch MJ , Short CM, Jenkins BD et al. Temporal patterns of nitro-
genase gene ( nifH ) expression in the oligotrophic North Pacific
Ocean. Appl Environ Microbiol 2005b; 71 :5362–70.

ornejo-Castillo FM , Zehr JP. Hopanoid lipids may facilitate aerobic
nitrogen fixation in the ocean. Proc Natl Acad Sci 2019; 116 :18269–
71.

ornejo-Castillo FM , Zehr JP. Intriguing size distribution of the un-
cultur ed and globall y widespr ead marine non-c y anobacterial di-
azotroph Gamma-A. ISME J 2021; 15 :124–8.

ornejo-Castillo FM . Diversity, Ecology and Evolution of Marine Dia-
zotrophic Microor ganisms . Ph.D. T hesis , Universidad P olitécnica de
Cataluña, 2017.

o y er JA , Cabellopasini A, Swift H et al. N 2 fixation in marine het-
er otr ophic bacteria - dynamics of environmental and molecular
regulation. Proc Natl Acad Sci 1996; 93 :3575–80.

abundo R , Lehmann MF, Tr eiber gs L et al. The contamination of
commercial 15 N 2 gas stocks with 

15 N–labeled nitrate and am-
monium and consequences for nitrogen fixation measurements.
PLoS ONE 2014; 9 :e110335.

ang H , Luan X, Zhao J et al. Div erse and nov el nifH and nifH -like
gene sequences in the deep-sea methane seep sediments of the
Okhotsk Sea. Appl Environ Microbiol 2009; 75 :2238–45.

ekaezemacker J , Bonnet S, Grosso O et al. Evidence of active dinitro-
gen fixation in surface waters of the eastern tropical South Pacific
during El Niño and La Niña e v ents and e v aluation of its potential
nutrient controls. Glob Biogeochem Cycl 2013; 27 :768–79.
ekas AE , Chadwick GL, Bowles MW et al. Spatial distribution of ni-
trogen fixation in methane seep sediment and the role of the
ANME archaea. Environ Microbiol 2014; 16 :3012–29.

ekas AE , Connon SA, Chadwick GL et al. Activity and interactions of
methane seep micr oor ganisms assessed by par allel tr anscription
and FISH-NanoSIMS analyses. ISME J 2016; 10 :678–92.

ekas AE , Fike DA, Chadwick GL et al. Widespread nitrogen fixation in
sediments from diverse deep-sea sites of elevated carbon loading.
Environ Microbiol 2018; 20 :4281–96.

ekas AE , Poretsky RS, Orphan VJ. Deep-sea archaea fix and share
nitrogen in methane-consuming microbial consortia. Science
2009; 326 :422–6.

elmont TO , Karlusich JJP, Veseli I et al. Heter otr ophic bacterial dia-
zotr ophs ar e mor e abundant than their c y anobacterial counter-
parts in metagenomes covering most of the sunlit ocean. ISME J
2022; 16 :927–36.

elmont TO , Quince C, Shaiber A et al. Nitrogen-fixing populations
of Planctomycetes and Proteobacteria are abundant in surface
ocean metagenomes. Nat Microbiol 2018; 3 :804–13.

eutsch C , Sarmiento JL, Sigman DM et al. Spatial coupling of nitro-
gen inputs and losses in the ocean. Nature 2007; 445 :163–7.

ixon R , Kahn D. Genetic regulation of biological nitrogen fixation.
Nat Rev Microbiol 2004; 2 :621–31.

os Santos PC , Fang Z, Mason SW et al. Distribution of nitro-
gen fixation and nitrogenase-like sequences amongst microbial
genomes. BMC Genomics 2012; 13 :1–12.

uarte CM . Seafaring in the 21st century: the Malaspina 2010 cir-
cumnavigation expedition. Limnol and Oceanogr 2015; 24 :11–14.

ugdale RC , Menzel DW, Ryther JH. Nitrogen fixation in the Sargasso
Sea. Deep-Sea Res 1961; 7 :297–300.

ren AM , Esen OC, Quince C et al. Anvi’o: an adv anced anal ysis and
visualization platform for ’omics data. PeerJ 2015; 3 :e1319.

arnelid H , Andersson AF, Bertilsson S et al. Nitrogenase gene ampli-
cons from global marine surface waters are dominated by genes
of non-c y anobacteria. PLoS ONE 2011; 6 :e19223.

arnelid H , Bentzon-Tilia M, Andersson AF et al. Active nitrogen-
fixing heter otr ophic bacteria at and below the chemocline of the
central Baltic Sea. ISME J 2013; 7 :1413–23.

arnelid H , Harder J, Bentzon-Tilia M et al. Isolation of heter otr ophic
diazotrophic bacteria from estuarine surface waters. Environ Mi-
crobiol 2014; 16 :3072–82.

arnelid H , Oberg T, Riemann L. Identity and dynamics of pu-
tative N 2 -fixing picoplankton in the Baltic Sea proper suggest
complex patterns of regulation. Environ Microbiol Rep 2009; 1 :
145–54.

arnelid H , Tar angk oon W, Hansen G et al. Putative N 2 -fixing het-
er otr ophic bacteria associated with dinoflagellate–Cyanobacteria
consortia in the low-nitrogen Indian Ocean. Aquat Microb Ecol
2010; 61 :105–17.

 arnelid H , Turk-K ubo K, Ploug H et al. Diverse diazotrophs are
present on sinking particles in the North Pacific Subtropical Gyre.
ISME J 2019; 13 :170–82.

ernandez C , Farias L, Ulloa O. Nitrogen fixation in denitrified marine
waters. PLoS ONE 2011; 6 :e20539.

ernandez-Mendez M , Turk-Kubo KA, Buttigieg PL et al. Diazotroph
diversity in the sea ice, melt ponds, and surface waters of
the Eurasian basin of the central Arctic Ocean. Front Microbiol
2016; 7 :1–18.

inn RD , Clements J, Ed d y SR. HMMER web serv er: inter activ e se-
quence similarity searching. Nucleic Acids Res 2011; 39 :W29–37.

ong AA , Karl D, Lukas R et al. Nitrogen fixation in an anticy-
clonic ed d y in the oligotrophic North Pacific Ocean. ISME J 2008; 2 :



Turk-Kubo et al . | 21 

 

H  

 

H  

 

 

H  

 

 

H  

 

H  

 

H  

 

H  

H  

I  

 

J  

 

J  

J  

 

J  

 

 

K  

K  

K  

K  

K  

 

K  

 

 

K  
Ful weiler RW , Br own SM, Nixon SW et al. Evidence and a concep- 
tual model for the co–occurrence of nitrogen fixation and deni- 
trification in heter otr ophic marine sediments. Mar Ecol Progr Ser 
2013; 482 :57–68.

Gaby JC , Buckley DH. A global census of nitr ogenase div ersity. Environ 
Microbiol 2011; 13 :1790–9.

Gallon JR . Reconciling the incompatible: N 2 fixation and O 2 . New Phy- 
tol 1992; 122 :571–609.

Geisler E , Bogler A, Bar-Zeev E et al. Heterotrophic nitrogen fixation 

at the hyper-eutrophic Qishon River and Estuary System. Front 
Microbiol 2020, 1–10. 

Geisler E , Bogler A, Rahav E et al. Direct detection of heterotrophic 
diazotrophs associated with planktonic aggregates. Sci Rep 
2019; 9 :9288.

Gier J , Löscher CR, Dale AW et al. Benthic dinitrogen fixation travers- 
ing the oxygen minimum zone off Mauritania (NW Africa). Front 
Mar Sci 2017; 4 :1–16.

Gier J , Sommer S, Löscher CR et al. Nitrogen fixation in sediments 
along a depth transect through the Peruvian oxygen minimum 

zone. Biogeosciences 2016; 13 :4065–80.
Grabarczyk DB , Berks BC. Intermediates in the Sox sulfur oxidation 

pathway are bound to a sulfane conjugate of the carrier protein 

SoxYZ. PLoS ONE 2017; 12 :e0173395.
Gr abbe R , Kloppr ogge K, Sc hmitz RA. Fnr is r equir ed for NifL- 

de pendent o xygen control of nif gene expression in Klebsiella pneu- 
moniae . J Bacteriol 2001; 183 :1385–93.

Gradoville MR , Bombar D, Crump BC et al. Diversity and activity of 
nitr ogen-fixing comm unities acr oss ocean basins. Limnol Oceanogr 
2017a; 62 :1895–909.

Gradoville MR , Crump BC, Letelier RM et al. Microbiome of Tri- 
chodesmium colonies from the North Pacific subtropical gyre. Front 
Microbiol 2017b; 8 :1–16.

Gradoville MR , Farnelid H, White AE et al. Latitudinal constraints on 

the abundance and activity of the c y anobacterium UCYN-A and 
other marine diazotrophs in the North Pacific. Limnol Oceanogr 
2020; 65 :1858–75.

Gradoville MR , White AE, Böttjer D et al. Diversity trumps acidifi- 
cation: lack of evidence for carbon dioxide enhancement of Tri- 
c hodesmium comm unity nitr ogen or carbon fixation at Station 

ALOHA. Limnol Oceanogr 2014; 59 :645–59.
Gr oßk opf T , Mohr W, Baustian T et al. Doubling of marine 

dinitr ogen-fixation r ates based on dir ect measur ements. Nature 
2012; 488 :361–4.

Gruber N , Gallo w ay JN. An Earth-system perspective of the global 
nitrogen cycle. Nature 2008; 451 :293–6.

Hallstrøm S , Benavides M, Salamon ER et al. Activity and distribution 

of diazotrophic communities across the Cape Verde Frontal Zone 
in the Northeast Atlantic Ocean. Biogeochem 2022a; 160 :1–19.

Hallstrøm S , Benavides M, Salamon ER et al. Pelagic N 2 fixation dom- 
inated by sediment diazotr ophic comm unities in a shallow tem- 
perate estuary. Limnol Oceanogr 2022b; 67 :364–78.

Hallstrøm S , Raina JB, Ostrowski M et al. Chemotaxis may assist ma- 
rine heter otr ophic bacterial diazotr ophs to find microzones suit- 
able for N 2 fixation in the pelagic ocean. ISME J 2022c; 16 :1–10.

Halm H , Lam P, Ferdelman TG et al. Heter otr ophic or ganisms 
dominate nitrogen fixation in the South Pacific gyre. ISME J 
2012; 6 :1238–49.

Hamersley MR , Sohm JA, Burns JA et al. Nitrogen fixation associ- 
ated with the decomposition of the giant kelp Macrocystis pyrifera .
Aquat Bot 2015; 125 :57–63.

Hamersley MR , Turk KA, Leinweber A et al. Nitrogen fixation within 

the water column associated with two hypoxic basins in the 
Southern California Bight. Aquat Microb Ecol 2011; 63 :193–205.
arding K , Turk-Kubo KA, Sipler RE et al. Symbiotic unicellular
c y anobacteria fix nitrogen in the Arctic Ocean. Proc Natl Acad Sci
2018; 115 :13371–5.

arding KJ , Turk-Kubo KA, Mak EWK et al. Cell-specific measure-
ments show nitrogen fixation by particle-attac hed putativ e non-
c y anobacterial diazotrophs in the North P acific Subtr opical Gyr e.
Nat Commun 2022; 13 :1–10.

arris RL , Vetter M, van Heerden E et al. FISH-TAMB, a fixation-
fr ee mRNA fluor escent labeling tec hnique to tar get tr anscrip-
tionall y activ e members in micr obial comm unities. Microb Ecol
2021; 84 :182–97.

ashimoto R , Yoshida T, Kuno S et al. The first assessment of
c y anobacterial and diazotrophic diversities in the Japan Sea. Fish
Sci 2012; 78 :1293–300.

eller P , Tripp HJ, Turk-Kubo K et al. ARBitr ator: a softwar e pipeline
for on-demand r etrie v al of auto-cur ated nifH sequences fr om
GenBank. Bioinformatics 2014; 30 :2883–90.

ewson I , Moisander PH, Achilles KM et al. Characteristics of dia-
zotrophs in surface to ab yssopelagic w aters of the Sargasso Sea.
Aquat Microb Ecol 2007; 46 :15–30.

u X , Ritz T, Damjanovic A et al. Photosynthetic a ppar atus of pur ple
bacteria. Q Rev Biophys 2002; 35 :1–62.

uang Y , Niu B, Gao Y et al. CD-HIT Suite: a web server for cluster-
ing and comparing biological sequences. Bioinformatics 2010; 26 : 
680–2.

nom ur a K , Br a gg J, Follows MJ. A quantitativ e anal ysis of the dir ect
and indirect costs of nitrogen fixation: a model based on Azoto-
bacter vinelandii . ISME J 2017; 11 :166–75.

abir T , Jesmi Y, Vipindas PV et al. Diversity of nitrogen fix-
ing bacterial communities in the coastal sediments of south- 
eastern Arabian Sea (SEAS). Deep Sea Res Part II 2018; 156 :
51–9.

 ay akumar A , Chang BX, Widner B et al. Biological nitrogen fixation in
the oxygen-minimum region of the eastern tropical North Pacific 
ocean. ISME J 2017; 11 :2356–67.

ohnson JS , Spakowicz DJ, Hong BY et al. Evaluation of 16S rRNA gene
sequencing for species and str ain-le v el micr obiome anal ysis. Nat
Commun 2019; 10 :1–11.

un SR , Wassenaar TM, Nookaew I et al. Diversity of Pseudomonas
genomes , including P opulus-associated isolates , as r e v ealed by
compar ativ e genome anal ysis. A ppl Environ Microbiol 2016; 82 :
375–83.

anehisa M , Goto S, Sato Y et al. KEGG for integration and inter-
pretation of large-scale molecular data sets. Nucleic Acids Res 
2012; 40 :D109–14.

apili BJ , Barnett SE, Buckley DH et al. Evidence for phylogenetically
and catabolically diverse active diazotrophs in deep-sea sedi- 
ment. ISME J 2020; 14 :971–83.

arl D , Letelier R, Tupas L et al. The role of nitrogen fixation in biogeo-
chemical cycling in the subtropical North Pacific Ocean. Nature 
1997; 388 :533–8.

arsenti E , Acinas SG, Bork P et al. A holistic a ppr oac h to marine eco-
systems biology. PLoS Biol 2011; 9 :e1001177.

irkpatric k JB , Fuc hsman CA, Yakushe v EV et al. Dark N 2 fixation:
nifH expression in the redoxcline of the Black Sea. Aquat Microb
Ecol 2018; 82 :43–58.

la wonn I , La vik G, Böning P et al. Simple a ppr oac h for the pr epa-
r ation of 15 −15 N 2 -enric hed water for nitr ogen fixation assess-
ments: e v aluation, a pplication and recommendations . F ront Mi-
crobiol 2015; 6 :1–11.

napp AN , Casciotti KL, Berelson WM et al. Low rates of nitrogen fix-
ation in eastern tropical South Pacific surface waters. Proc Natl 
Acad Sci 2016; 113 :4398–403.



22 | FEMS Microbiology Reviews , 2023, Vol. 47, No. 6 

K  

 

 

K  

K  

 

K
 

L  

 

L  

 

L  

 

 

L  

 

L  

 

L  

L  

L  

 

 

L  

 

L  

 

L  

 

L  

 

L  

 

 

L  

 

L  

 

L  

L  

L  

 

M  

M  

 

M  

 

M  

 

 

M  

 

M  

 

 

M  

 

M  

M  

 

 

M  

 

M  

 

 

M  

 

M  

 

 

M  

 

M  

 

M  

 

 

 

M  

 

M  

 

napp AN , McCabe KM, Grosso O et al. Distribution and rates of
nitrogen fixation in the western tropical South Pacific Ocean
constrained by nitrogen isotope budgets. Biogeosciences 2018; 15 :
2619–28.

napp AN . The sensitivity of marine N 2 fixation to dissolved inor-
ganic nitrogen. Front Microbiol 2012; 3 :1–14.

ong L , Jing H, Kataoka T et al. Phylogenetic diversity and spatio-
temporal distribution of nitrogenase genes ( nifH ) in the northern
South China Sea. Aquat Microb Ecol 2011; 65 :15–27.

r aft B , Str ous M, Tegetmeyer HE. Micr obial nitr ate r espir ation–
genes, enzymes and environmental distribution. J Biotechnol
2011; 155 :104–17.

anda M , Turk-Kubo KA, Cornejo-Castillo FM et al. Critical role of light
in the growth and activity of the marine N 2 -fixing UCYN-A sym-
biosis . F ront Microbiol 2021; 12 :666739.

andolfi A , Koe v e W, Dietze H et al. A new perspective on envi-
r onmental contr ols of marine nitr ogen fixation. Geophys Res Lett
2015; 42 :4482–9.

anglois R , Gr ossk opf T, Mills M et al. Widespread distribu-
tion and expression of Gamma A (UMB), an uncultured, di-
azotr ophic, gamma-Pr oteobacterial nifH Phylotype. PLoS ONE
2015; 10 :e0128912.

anglois RJ , Hummer D, LaRoche J. Abundances and distributions of
the dominant nifH phylotypes in the Northern Atlantic Ocean.
Appl Environ Microbiol 2008; 74 :1922–31.

anglois RJ , LaRoche J, Raab PA. Diazotrophic diversity and distribu-
tion in the tropical and subtropical Atlantic Ocean. Appl Environ
Microbiol 2005; 71 :7910–9.

anglois RJ , Mills MM, Ridame C et al. Diazotrophic bacteria respond
to Saharan dust additions. Mar Ecol Progr Ser 2012; 470 :1–14.

eigh J A , Dodsworth J A. Nitr ogen r egulation in bacteria and arc haea.
Annu Rev Microbiol 2007; 61 :349–77.

ema KA , Willis BL, Bourne DG. Amplicon pyr osequencing r e v eals
spatial and temporal consistency in diazotroph assemblages
of the Acropora millepora microbiome. Environ Microbiol 2014; 16 :
3345–59.

ema KA , Willis BL, Bourne DG. Corals form characteristic associa-
tions with symbiotic nitrogen-fixing bacteria. Appl Environ Micro-
biol 2012; 78 :3136–44.

etelier RM , Bjorkman KM, Church MJ et al. Climate-driven oscillation
of phosphorus and iron limitation in the North Pacific subtropical
gyre. Proc Natl Acad Sci 2019; 116 :12720–8.

etunic I , Bork P. Inter activ e Tr ee Of Life (iTOL) v5: an online tool
for phylogenetic tree display and annotation. Nucleic Acids Res
2021; 49 :W293–6.

iang J , Yu K, Wang Y et al. Diazotroph diversity associated with scle-
r actinian cor als and its relationships with envir onmental v ari-
ables in the South China Sea. Front Physiol 2020; 11 :1–15.

ittle R , Reyes-Ramirez F, Zhang Y et al. Signal transduction to the
Azotobacter vinelandii NIFL-NIFA regulatory system is influenced
dir ectl y by inter action with 2-oxoglutar ate and the PII r egulatory
protein. EMBO J 2000; 19 :6041–50.

iu J , Zhou L, Li J et al. Effect of mesoscale eddies on diazotroph com-
m unity structur e and nitr ogen fixation r ates in the South China
Sea. Region Stud Mar Sci 2020; 35 :101106.

öscher CR , Bourbonnais A, Dekaezemacker J et al. N 2 fixation in
eddies of the eastern tropical South Pacific Ocean. Biogeosciences
2016; 13 :2889–99.

ösc her CR , Gr oßk opf T, Desai FD et al. Facets of diazotrophy in the
oxygen minimum zone waters off Peru. ISME J 2014; 8 :2180–92.

öscher CR , Mohr W, Bange HW et al. No nitrogen fixation in the Bay
of Bengal?. Biogeosciences 2020; 17 :851–64.
uo YW , Doney SC, Anderson LA et al. Database of diazotrophs in
global ocean: abundance, biomass and nitrogen fixation rates.
Earth Syst Sci Data 2012; 4 :47–73.

a gue TH , Wear e MM, Holm-Hansen O. Nitr ogen fixation in the
north Pacific Ocean. Mar Biol 1974; 24 :109–19.

an-Ahar onovic h D , Kr ess N, Bar Zee v E et al. Molecular ecology of
nifH genes and transcripts in the eastern Mediterranean Sea. En-
viron Microbiol 2007; 9 :2354–63.

artinez-Perez C , Mohr W, Schwedt A et al. Metabolic versatility of
a novel N 2 -fixing Alphaproteobacterium isolated from a marine
oxygen minimum zone. Environ Microbiol 2018; 20 :755–68.

asepohl B . 2017 Regulation of nitrogen fixation in photosynthetic
purple nonsulfur bacteria. In: Hallenbeck PC (ed.), Modern Topics
in the Phototrophic Prokaryotes: Metabolism, Bioenergetics, and Omics .
New York: Springer International Publishing, 1–25.

cGlathery KJ , Risgaar d-P etersen N, Christensen PB. Temporal and
spatial variation in nitrogen fixation activity in the eelgrass
Zostera marina rhizosphere. Mar Ecol Progr Ser 1998; 168 :245–58.

cInnes AS , Shepard AK, Raes EJ et al. Simultaneous quantification of
active carbon- and nitrogen-fixing communities and estimation
of fixation rates using fluorescence in situ hybridization and flow
cytometry. Appl Environ Microbiol 2014; 80 :6750–9.

cRose DL , Zhang X, Kraepiel AM et al. Di versity and acti vity of al-
ternativ e nitr ogenases in sequenced genomes and coastal envi-
ronments . F ront Microbiol 2017; 8 :1–13.

ehta MP , Baross JA. Nitrogen fixation at 92 degrees C by a hydrother-
mal vent archaeon. Science 2006; 314 :1783–6.

ehta MP , Butterfield DA, Baross JA. Phylogenetic diversity of ni-
trogenase ( nifH ) genes in deep-sea and hydr othermal v ent en-
vironments of the Juan de Fuca Ridge. Appl Environ Microbiol
2003; 69 :960–70.

eiler S , Britten GL, Dutkiewicz S et al. Constraining uncertainties
of diazotr oph biogeogr a phy fr om nifH gene abundance. Limnol
Oceanogr 2022; 67 :816–29.

esser LF , Brown MV, Van Ruth PD et al. Temperate southern Aus-
tralian coastal waters are characterised by surprisingly high
rates of nitrogen fixation and diversity of diazotrophs. PeerJ
2021; 9 :e10809.

esser LF , Mahaffey C, Robinson CM et al. High le v els of heter ogene-
ity in diazotroph diversity and activity within a putative hotspot
for marine nitrogen fixation. ISME J 2015, 1499–513. 

e yer NR , Fortne y JL, Dekas AE. NanoSIMS sample pr epar ation de-
creases isotope enrichment: magnitude, variability and implica-
tions for single-cell rates of microbial activity. Environ Microbiol
2021; 23 :81–98.

ills MM , Ridame C, Davey M et al. Iron and phosphorus co-limit
nitrogen fixation in the eastern tropical North Atlantic. Nature
2004; 429 :292–4.

ise K , Masuda Y, Senoo K et al. Undervalued pseudo- nifH sequences
in public databases distort metagenomic insights into biological
nitrogen fixers. mSphere 2021; 6 :e0078521.

iyazaki J , Higa R, Toki T et al. Molecular c har acterization of po-
tential nitrogen fixation by anaerobic methane-oxidizing archaea
in the methane seep sediments at the number 8 Kumano Knoll
in the Kumano Basin, offshore of Ja pan. A ppl Environ Microbiol
2009; 75 :7153–62.

ohamed NM , Colman AS, Tal Y et al. Diversity and expression of
nitrogen fixation genes in bacterial symbionts of marine sponges.
Environ Microbiol 2008; 10 :2910–21.

ohr W , Lehnen N, Ahmerkamp S et al. Terrestrial-type nitrogen-
fixing symbiosis between sea gr ass and a marine bacterium. Na-
ture 2021; 600 :105–9.



Turk-Kubo et al . | 23 

 

 

P  

P  

P  

P  

 

P  

P  

P  

P  

 

P  

P  

P  

P  

P  

R  

 

R  

R  

 

R  

 

R  

R  

R  

R  

 

R  

 

R  
Moisander PH , Beinart RA, Voss M et al. Diversity and abundance of 
diazotr ophic micr oor ganisms in the South China Sea during in- 
termonsoon. ISME J 2008; 2 :954–67.

Moisander PH , Benavides M, Bonnet S et al. Chasing after non- 
c y anobacterial nitrogen fixation in marine pelagic en vironments .
Front Microbiol 2017; 8 :1–8.

Moisander PH , Morrison AE, Ward BB et al. Spatial-temporal vari- 
ability in diazotroph assemblages in Chesapeake Bay using 
an oligonucleotide nifH micr oarr ay. Environ Microbiol 2007; 9 : 
1823–35.

Moisander PH , Serros T, Paerl RW et al. Gamma pr oteobacterial dia- 
zotrophs and nifH gene expression in surface waters of the South 

Pacific Ocean. ISME J 2014; 8 :1962–73.
Moisander PH , Zhang R, Boyle EA et al. Analogous nutrient limitations 

in unicellular diazotrophs and Prochlorococcus in the South Pacific 
Ocean. ISME J 2012; 6 :733–44.

Moore CM , Mills MM, Achterberg EP et al. Large-scale distribution of 
Atlantic nitrogen fixation controlled by iron availability. Nat Geosci 
2009; 2 :867–71.

Moraru C , Lam P, Fuchs BM et al. GeneFISH – an in situ technique for 
linking gene presence and cell identity in environmental microor- 
ganisms. Environ Microbiol 2010; 12 :3057–73.

Moynihan MA , Goodkin NF, Morgan KM et al. Coral-associated nitro- 
gen fixation rates and diazotrophic diversity on a n utrient-re plete 
equatorial reef. ISME J 2022; 16 :233–46.

Mulholland MR , Bernhardt PW, Blanco-Garcia JL et al. Rates of dini- 
trogen fixation and the abundance of diazotrophs in North Amer- 
ican coastal waters between Ca pe Hatter as and Geor ges Bank.
Limnol Oceanogr 2012; 57 :1067–83.

Mulholland MR , Bernhardt PW, Widner BN et al. High rates of N 2 

fixation in temperate, Western North Atlantic coastal waters 
expand the realm of marine diazotrophy. Glob Biogeochem Cycl 
2019; 33 :826–40.

Nakayama T , Inagaki Y. Genomic div er gence within non- 
photosynthetic c y anobacterial endosymbionts in rhopalodi- 
acean diatoms. Sci Rep 2017; 7 :1–8.

Ne well SE , Pritc hard KR, Foster SQ et al. Molecular evidence for sedi- 
ment nitrogen fixation in a temperate New England estuary. PeerJ 
2016; 4 :e1615.

Newton WE . Recent advances in understanding nitrogenases and 
how they work. Biol Nitrogen Fixat , 2015; 1 and 2 :7–20.

Olson JB , Litaker RW, Paerl HW. Ubiquity of heter otr ophic dia- 
zotrophs in marine microbial mats. Aquat Microb Ecol 1999; 19 : 
29–36.

Olson ND , Ainsworth TD, Gates RD et al. Diazotrophic bacteria asso- 
ciated with Hawaiian Montipora corals: diversity and abundance 
in correlation with symbiotic dinoflagellates. J Exp Mar Biol Ecol 
2009; 371 :140–6.

Paerl HW , Prufert LE. Oxygen-poor microzones as potential sites of 
microbial N 2 fixation in nitrogen-depleted aerobic marine waters. 
Appl Environ Microbiol 1987; 53 :1078–87.

P aerl HW . Micr ozone formation: its r ole in the enhancement of 
aquatic N 2 fixation. Limnol Oceanogr 1985; 30 :1246–52.

Paerl RW , Hansen TN, Henriksen NN et al. N-fixation and related 
O 2 constraints on model marine diazotroph Pseudomonas stutzeri 
BAL361. Aquat Microb Ecol 2018; 81 :125–36.

P aulsen DM , P aerl HW, Bishop PE. Evidence that molybdenum- 
dependent nitrogen-fixation is not limited by high sulfate 
concentrations in marine en vironments . Limnol Oceanogr 
1991; 36 :1325–34.

Pedersen JN , Bombar D, Paerl RW et al. Diazotrophs and N 2 -fixation 

associated with particles in coastal estuarine waters . F ront Micro- 
biol 2018; 9 :1–11.
edros-Alio C . The rare bacterial biosphere. Ann Rev Mar Sci
2012; 4 :449–66.

ernthaler A , Dekas AE, Brown CT et al. Diverse syntrophic partner-
ships from deep-sea methane vents revealed by direct cell cap- 
ture and metagenomics. Proc Natl Acad Sci 2008; 105 :7052–7.

ier ella Karlusic h JJ , Pelletier E, Lombard F et al. Global distribu-
tion patterns of marine nitrogen-fixers by imaging and molecular 
methods. Nat Commun 2021; 12 :1–18.

ilhofer M , P avlek ovic M, Lee NM et al. Fluorescence in situ hybridiza-
tion for intracellular localization of nifH mRNA. Syst Appl Microbiol
2009; 32 :186–92.

loug H , Bergkvist J. Oxygen diffusion limitation and ammonium
production within sinking diatom aggregates under hypoxic and 
anoxic conditions. Mar Chem 2015; 176 :142–9.

loug H , Kühl M, Buc hholz-Cle v en B et al. Anoxic a ggr egates-an
ephemeral phenomenon in the pelagic environment?. Aquat Mi- 
crob Ecol 1997; 13 :285–94.

loug H . Small-scale oxygen fluxes and r eminer alization in sinking
a ggr egates. Limnol Oceanogr 2001; 46 :1624–31.

off KE , Leu AO, Eppley JM et al. Microbial dynamics of ele-
vated carbon flux in the open ocean’s abyss. Proc Natl Acad Sci
2021; 118 :e2018269118.

oole RK , Hill S. Respiratory protection of nitrogenase activity in
Azotobacter vinelandii- -roles of the terminal oxidases. Biosci Rep 
1997; 17 :303–17.

ost E , Golecki JR, Oelze J. Morphological and ultrastructural varia-
tions in Azotobacter vinelandii growing in oxygen-controlled conti- 
nous cultur e. Arc h Microbiol 1982; 133 :75–82.

ostgate JR . 1982 The Fundamentals of Nitrogen Fixation . London: Cam-
bridge University Press.

rice MN , Dehal PS, Arkin AP. FastTr ee 2–a ppr oximatel y maxim um-
likelihood trees for large alignments. PLoS ONE 2010; 5 :e9490.

r octor LM . Nitr ogen-fixing, photosynthetic, anaer obic bacteria as-
sociated with pelagic copepods. Aquat Microb Ecol 1997; 12 :105–13.

aes EJ , Van de Kamp J, Bodrossy L et al. N 2 fixation and new insights
into nitrification from the ice-edge to the equator in the South
Pacific Ocean. Front Mar Sci 2020; 7 :1–20.

ahav E , Bar-Zeev E, Ohayon S et al. Dinitrogen fixation in aphotic
oxygenated marine en vironments. F ront Microbiol 2013; 4 :1–11.

ahav E , Giannetto M, Bar-Zeev E. Contribution of mono and polysac-
c harides to heter otr ophic N 2 fixation at the eastern Mediter-
ranean coastline. Sci Rep 2016; 6 :27858.

atten J-M . 2017 Annual Cycle of Change in Bacterial Community Struc-
ture in a Temperate Coastal Marine Embayment in the North Atlantic .
T hesis , Dalhousie University, Halifax, Nova Scotia.

aut Y , Capone DG. Macroalgal detrital systems: an overlooked eco-
logical niche for heterotrophic nitrogen fixation. Environ Microbiol 
2021; 23 :4372–88.

aut Y , Morando M, Capone DG. Diazotrophic macroalgal associ-
ations with living and decomposing sargassum. Front Microbiol 
2018; 9 :1–14.

eeder CF , Löscher CR. Nitrogenases in oxygen minimum zone wa-
ters . F ront Mar Sci 2022; 9 :1–9.

ees AP , Gilbert JA, K ell y-Gerr eyn BA. Nitr ogen fixation in the west-
ern English Channel (NE Atlantic Ocean). Mar Ecol Progr Ser
2009; 374 :7–12.

ibeiro CG , dos Santos AL, Marie D et al. Small eukaryotic phyto-
plankton communities in tropical waters off Brazil are dominated 
b y symbioses betw een Ha ptophyta and nitr ogen-fixing c y anobac-
teria. ISME J 2018; 12 :1360–74.

ibes M , Dziallas C, Coma R et al. Microbial diversity and putative di-
azotrophy in high- and low-microbial-abundance Mediterranean 

sponges. Appl Environ Microbiol 2015; 81 :5683–93.



24 | FEMS Microbiology Reviews , 2023, Vol. 47, No. 6 

R  

 

 

R  

 

R  

 

S  

 

 

S  

 

 

S  

 

S  

 

S  

 

S  

 

S  

 

S  

S  

 

 

S  

 

 

S  

 

S  

 

 

S  

 

S  

 

 

S  

S  

 

S  

 

S  

 

S  

S  

 

S  

 

S  

 

S  

 

S  

T  

T  

 

T  

 

T  

T  

 

T  

 

T  

 

T  

 

 

 

T  

 

V  

 

V  

 

 

W  

 

W  

 

idame C , Dinasquet J, Hallstrøm S et al. N 2 fixation in the Mediter-
ranean Sea related to the composition of the diazotrophic com-
munity and impact of dust under present and future environ-
mental conditions. Biogeosciences 2022; 19 :415–35.

iemann L , Farnelid H, Stew ar d GF. Nitrogenase genes in non-
c y anobacterial plankton: pr e v alence, div ersity and r egulation in
marine waters. Aquat Microb Ecol 2010; 61 :235–47.

iemann L , Rahav E, Passow U et al. Planktonic a ggr egates as hotspots
for heter otr ophic diazotr ophy: the plot thic kens. Front Microbiol
2022; 13 :1–9.

abra W , Zeng AP, Lunsdorf H et al. Effect of oxygen on for-
mation and structure of Azotobacter vinelandii alginate and its
r ole in pr otecting nitr ogenase. A ppl Environ Microbiol 2000; 66 :
4037–44.

aino T , Hatori A. 1980 Nitrogen fixation by Trichodesmium and its
significance in nitrogen cycling in the Kuroshio area and adja-
cent waters. In: Takenouti AY (ed.), The Kuroshio IV . Tok y o: Saikon
Publishing, 697–709.

alazar G , Paoli L, Alberti A et al. Gene expr ession c hanges and com-
m unity turnov er differ entiall y sha pe the global ocean metatr an-
scriptome. Cell 2019; 179 :1068–1083.e21.

antos AA , Venceslau SS, Grein F et al. A protein trisulfide couples
dissimilatory sulfate reduction to energy conservation. Science
2015; 350 :1541–5.

ato T , Shiozaki T, Taniuchi Y et al. Nitr ogen fixation and diazotr oph
community in the subArctic Sea of Japan and Sea of Okhotsk. J
Geophys Res Oceans 2021; 126 :e2020JC017071.

cavotto RE , Dziallas C, Bentzon-Tilia M et al. Nitrogen-fixing bacteria
associated with copepods in coastal waters of the North Atlantic
Ocean. Environ Microbiol 2015; 17 :3754–65.

c hv arcz CR , Wilson ST, Caffin M et al. Overlooked and widespread
pennate diatom-diazotroph symbioses in the sea. Nat Commun
2022; 13 :1–9.

eefeldt LC , Hoffman BM, Dean DR. Mechanism of Mo-dependent ni-
trogenase. Annu Rev Biochem 2009; 78 :701–22.

elden CR , Chappell PD, Clayton S et al. A coastal N 2 fixation hotspot
at the Cape Hatteras front: elucidating spatial heterogeneity
in diazotroph activity via supervised machine learning. Limnol
Oceanogr 2021; 66 :1832–49.

elden CR , Mulholland MR, Bernhardt PW et al. Dinitrogen fixa-
tion acr oss physico-c hemical gr adients of the eastern tr opical
North Pacific oxygen deficient zone. Glob Biogeochem Cycl 2019; 33 :
1187–202.

hao Z , Luo YW. Controlling factors on the global distribution
of a r epr esentativ e marine heter otr ophic diazotr oph phylotype
(Gamma A). Biogeosciences 2022; 19 :2939–52.

hiozaki T , Bombar D, Riemann L et al. Basin scale variability of
activ e diazotr ophs and nitr ogen fixation in the North P acific,
fr om the tr opics to the subArctic Bering Sea. Glob Biogeochem Cycl
2017; 31 :996–1009.

hiozaki T , Bombar D, Riemann L et al. Linkage between dinitrogen
fixation and primary production in the oligotrophic South Pacific
Ocean. Glob Biogeochem Cycl 2018a; 32 :1028–44.

hiozaki T , Fujiwara A, Ijichi M et al. Diazotroph community struc-
ture and the role of nitrogen fixation in the nitrogen cycle
in the Chukchi Sea (western Arctic Ocean). Limnol Oceanogr
2018b; 63 :2191–205.

hiozaki T , Fujiwara A, Inom ur a K et al. Biological nitrogen fixation
detected under Antarctic Sea ice. Nat Geosci 2020; 13 :729–32.

hiozaki T , Ijichi M, Kodama T et al. Heter otr ophic bacteria as ma-
jor nitrogen fixers in the euphotic zone of the Indian Ocean. Glob
Biogeochem Cycl 2014; 28 :1096–110.
hiozaki T , Nagata T, Ijichi M et al. Nitrogen fixation and the dia-
zotr oph comm unity in the temper ate coastal r egion of the north-
western North Pacific. Biogeosciences 2015; 12 :4751–64.

hort SM , Jenkins BD, Zehr JP. Spatial and temporal distribution of
two diazotrophic bacteria in the Chesa peake Bay. A ppl Environ Mi-
crobiol 2004; 70 :2186–92.

hort SM , Zehr JP. Nitrogenase gene expression in the Chesapeake
Bay Estuary. Environ Microbiol 2007; 9 :1591–6.

imon M , Grossart H-P, Schweitzer B et al. Microbial ecology of
or ganic a ggr egates in aquatic ecosystems. Aquat Microb Ecol
2002; 28 :175–211.

ipler RE , Gong D, Baer SE et al. Preliminary estimates of the contri-
bution of Arctic nitrogen fixation to the global nitrogen budget.
Limnol Oceanogr Lett 2017; 2 :159–66.

mercina DN , Evans SE, Friesen ML et al. To fix or not to fix: controls
on fr ee-living nitr ogen fixation in the rhizospher e. A ppl Environ
Microbiol 2019; 85 :1–14.

teppe TF , Olson JB, Paerl HW et al. Consortial N 2 fixation: a strat-
egy for meeting nitr ogen r equir ements of marine and terrestrial
c y anobacterial mats. FEMS Microbiol Ecol 1996; 21 :149–56.

unagawa S , Coelho LP, Chaffron S et al. Structure and function of
the global ocean microbiome. Science 2015; 348 :1261359.

ang W , Li Z, Cassar N. Machine learning estimates of global marine
nitrogen fixation. J Geophys Res Biogeosci 2019a; 124 :717–30.

ang W , Wang S, Fonseca-Batista D et al. Revisiting the distribution
of oceanic N 2 fixation and estimating diazotrophic contribution
to marine production. Nat Commun 2019b; 10 :1–10.

hompson AW , Foster RA, Krupke A et al. Unicellular c y anobac-
terium symbiotic with a single-celled eukaryotic alga. Science
2012; 337 :1546–50.

ripp HJ , Bench SR, Turk KA et al. Metabolic streamlining in an open-
ocean nitrogen-fixing c y anobacterium. Nature 2010; 464 :90–94.

roussellier M , Escalas A, Bouvier T et al. Sustaining r ar e marine
micr oor ganisms: macr oor ganisms as repositories and dispersal
agents of microbial diversity. Front Microbiol 2017; 8 :1–17.

urk K , Rees AP, Zehr JP et al. Nitrogen fixation and nitrogenase (nifH)
expr ession in tr opical waters of the eastern North Atlantic. ISME
J 2011; 5 :1201–12.

urk-Kubo KA , Frank IE, Hogan ME et al. Diazotr oph comm unity suc-
cession during the VAHINE mesocosm experiment (New Caledo-
nia lagoon). Biogeosciences 2015; 12 :7435–52.

urk-Kubo KA , Kar amc handani M, Ca pone DG et al. The par a-
dox of marine heter otr ophic nitr ogen fixation: abundances of
heter otr ophic diazotr ophs do not account for nitrogen fixation
rates in the Eastern Tropical South Pacific. Environ Microbiol
2014; 16 :3095–114.

urk-Kubo KA , Mills MM, Arrigo KR et al. UCYN-A/haptophyte sym-
bioses dominate N 2 fixation in the Southern California Current
System. ISME Commun 2021; 1 :1–13.

enrick EL . The distribution and significance of Richelia intracellu-
laris Schmidt in the North Pacific Central Gyre. Limnol Oceanogr
1974; 19 :437–45.

illareal TA . 1992 Marine nitrogen-fixing diatom - c y anobacteria
symbioses. In: Carpenter EJ, Capone DJ, Rueter JG (eds), Ma-
rine P elagic Cyanobacteria: Tric hodesmium and other Diazotrophs . Dor-
dr ec ht: Kluwer Academic Publishers, 163–75.

ar d B A , Dutkiewicz S, Moore CM et al. Iron, phosphorus, and ni-
tr ogen suppl y r atios define the biogeogr a phy of nitr ogen fixation.
Limnol Oceanogr 2013; 58 :2059–75.

hite AE , Granger J, Selden C et al. A critical r e vie w of the 15 N 2 tracer
method to measure diazotrophic production in pelagic ecosys-
tems. Limnol Oceanogr Methods 2020; 18 :129–47.



Turk-Kubo et al . | 25 

Wu C , Kan J, Liu H et al. Heter otr ophic bacteria dominate the dia- 

 

Zehr J , Mellon M, Zani S. New nitrogen-fixing microorganisms de- 
tected in oligotrophic oceans by amplification of nitrogenase 
( nifH ) genes. Appl Environ Microbiol 1998; 64 :3444–50.

Zehr JP , Capone DG. 2021 Marine Nitrogen Fixation . Berlin: Springer 
Nature.

Zehr JP , Capone DG. Changing perspectives in marine nitrogen fixa- 
tion. Science 2020; 368 :eaay9514.

Zehr JP , Jenkins BD, Short SM et al. Nitrogenase gene diversity and 
micr obial comm unity structur e: a cr oss-system comparison. En- 
viron Microbiol 2003; 5 :539–54.

Zehr JP , Mellon M, Braun S et al. Div ersity of heter otr ophic nitr ogen 

fixation genes in a marine c y anobacterial mat. Appl Environ Mi- 
crobiol 1995; 61 :2527–32.

Zehr JP , Monto y a JP, Jenkins BD et al. Experiments linking nitrogenase 
gene expression to nitrogen fixation in the North Pacific subtrop- 
ical gyre. Limnol Oceanogr 2007; 52 :169–83.

Zhang X , McRose DL, Darnajoux R et al. Alternative nitrogenase ac- 
tivity in the environment and nitrogen cycle implications. Biogeo- 
chemistry 2016; 127 :189–98.

Zhang X , Song Y, Liu D et al. Macroalgal blooms favor heterotrophic 
diazotrophic bacteria in nitrogen-rich and phosphorus-limited 
coastal surface waters in the Yellow Sea. Estuar Coast Shelf Sci 
2015; 163 :75–81.

Zhang Y , Zhao Z, Sun J et al. Diversity and distribution of diazotrophic 
communities in the South China Sea deep basin with mesoscale 
cyclonic ed d y perturbations. FEMS Microbiol Ecol 2011; 78 : 
417–27.

Zouc h H , Cabr ol L, Chifflet S et al. Effect of acidic industrial effluent 
r elease on micr obial div ersity and tr ace metal dynamics during 
resuspension of coastal sediment. Front Microbiol 2018; 9 :1–14.
zotr ophic comm unity in the Eastern Indian Ocean (EIO) during 
pre-southwest monsoon. Microb Ecol 2019; 78 :804–19.

Wu C , Sun J, Liu H et al. Evidence of the significant contribution 

of heter otr ophic diazotr ophs to nitr ogen fixation in the Eastern 

Indian Ocean during pre-southwest monsoon period. Ecosystems 
2021; 25 :1066–83.

Wyman M , Zehr J, Ca pone D. Tempor al v ariability in nitr oge- 
nase gene expression in natural populations of the marine 
c y anobacterium Trichodesmium thiebautii . Appl Environ Microbiol 
1996; 62 :1073–5.

Yang QS , Dong JD, Ahmad M et al. Analysis of nifH DNA and RNA 

r e v eals a dispr oportionate contribution to nitr ogenase activities 
by r ar e plankton-associated diazotr ophs. BMC Microbiol 2019; 19 : 
1–12.

Yang SH , Lee ST, Huang CR et al. Pr e v alence of potential nitrogen- 
fixing, green sulfur bacteria in the skeleton of r eef-building cor al 
Isopor a palifer a . Limnol Oceanogr 2016; 61 :1078–86.

Yogev T , Rahav E, Bar-Zeev E et al. Is dinitrogen fixation significant 
in the Le v antine Basin, East Mediterranean Sea?. Environ Microbiol 
2011; 13 :854–71.

You M , Nishiguchi T, Saito A et al. Expression of the nifH gene of a 
Herbaspirillum endophyte in wild rice species: daily rhythm during 
the light-dark cycle. Appl Environ Microbiol 2005; 71 :8183–90.

Zani S , Mellon MT, Collier JL et al. Expression of nifH genes in natural 
micr obial assembla ges in Lake Geor ge, NY detected with RT-PCR.
Appl Environ Microbiol 2000; 66 :3119–24.

Zehr J , McReynolds L. Use of degenerate oligonucleotides for am- 
plification of the nifH gene from the marine c y anobacterium Tri- 
c hodesmium thiebautii . A ppl Environ Microbiol 1989; 55 :2522–6.
Recei v ed 1 June 2022; revised 15 September 2022; accepted 17 November 2022 
© The Author(s) 2022. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This is an Open Access article distributed under the terms of the Cr eati v e Commons 
Attribution-NonCommercial License ( https://creativecommons.org/licenses/by-nc/4.0/ ), which permits non-commercial re-use, distribution, and r e pr oduction in any 

medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com 

https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

	Introduction
	NCD diversity: nifH gene catalog
	Habitats and environments of NCDs in marine systems
	Environmental drivers of NCD biogeography, activity, and presumed N2 fixation
	NCD biogeography and ecophysiology from metagenomes and metatranscriptomes
	Moving from genes to rates: are NCDs fixing N2 in the pelagic oceans?
	Future perspectives
	Acknowledgments
	Supplementary data
	Funding
	References

