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Abstract 

Nitrogen, as an essential component for living organisms, is the primary limiting nutrient on Earth. The availability and effective 
utilization of nitrogenous compounds for metabolic and other essential biochemical reactions are dependent on the myriad and 

phylogeneticall y di v erse micr obial comm unities. The micr oorganisms harmoniousl y interact and participate in ev er y r eaction of the 
nitrogen cycle to continuously transform nitrogen into its various bio-available forms. Resear c h on the nitrogen cycle continues to dis- 
close that there are many reactions that remain unknown. In this re vie w, we summarize the recent discoveries that have contributed 

to advancing our understanding of the microbial involvement in reactions of the nitrogen cycle in soil and aquatic systems that in- 
fluence climate c hange . Additionall y, the mini-r e vie w highlights, which anthr opogenic acti vities cause disturbances in the nitr ogen 

cycle and proposes how beneficial microbes may be harnessed to replenish nitrogen in agricultural ecosystems. 

Ke yw ords: terrestrial nitrogen cycle, marine nitrogen cycle, nitrification, denitrification 
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Introduction 

As a vital r equir ement for all life forms, nitrogen (N) accounts for 
78% of the Earth’s atmosphere, comprising of ∼4 × 10 9 Tg N (John- 
son and Goldblatt 2015 ). Globally, N in the first 100 cm of soil has 
been estimated to be 133–140 Pg (Batjes 2014 ) while marine water 
systems account for 6.6 × 10 5 Tg N (Capone et al. 2008 ). Nitrogen 

exists as dinitrogen (N 2 ) and its oxides (NO x ) in the atmosphere,
while in soil and aquatic en vironments , ammonia (NH 3 ) and ni- 
tr ates (NO 3 

−1 ) pr edominate. Atmospheric nitr ogen pr edominantl y 
exists in its molecular form, which cannot be dir ectl y assimilated 

by living beings due to the ener gy r equir ed to break the bonds 
between its atoms . Hence , natur e utilizes a series of bioc hemi- 
cal reactions to transform atmospheric , marine , and soil nitrogen 

into its various chemical forms, employing microbial action. As 
depicted in Fig. 1 , the nitrogen cycle not only influences climate 
c hange thr ough the r elease of gr eenhouse gases suc h as nitric ox- 
ide (NO) and nitrous oxide (N 2 O) but also through anthropogenic 
activities, including excess chemical fertiliser, which offset criti- 
cal N concentrations in soil, water , and air . We have also discussed 

the primary nitrogen transformations that occur in terrestrial and 

marine systems, r espectiv el y, along with the latest r esearc h find- 
ings on the pathways involved (Figs 2 and 3 ). Additionally, we dis- 
cuss that the interactions of nitrogen and its forms with other el- 
ements of the ecosystem influence the global nitrogen cycle and 

need more future exploration (Fig. 4 ). 

Recent findings in the terrestrial nitrogen cycle 

Biological nitrogen fixation (BNF) in plants is initiated (Fig. 2 ,
Step 1) by diazotroph-encoding nitrogenases . Recently, no vel di- 
azotrophs, Geomonas sp., Kosakonia sacchari , and Paraburkholderia 
guartelaensis , performing nitrogen fixation in terrestrial environ- 
ments (Giri 2019 , P aulitsc h et al. 2019 , Liu et al. 2022 ), have been 
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iscov er ed. While r oot nodules of leguminous plants employ Rhi-
obia to fix nitrogen, non-nodulating legumes utilize endophytic 
ssociativ e nitr ogen-fixing bacteria suc h as Caulobacter segnis and
. crescentus under nitrogen deficient conditions (Thamizhseran 

nd Shendye 2022 ). While c hemolithotr ophic diazotr ophy by ni-
rogen fixers such as Azospirillum sp. employs sulphur, nitrogen 

xation fuelled by arsenic (III) oxidation has been reported in Ser-
atia sp. This is a novel biogeochemical process shedding light on
lternate electron donors for BNF other than reduced sulphur or
rganic matter (Li et al. 2022b , Kwak and Shin 2016 ). Further, nutri-
nt addition experiments have disclosed that regulation of nitro- 
en fixation by phosphorus (P) incr eases diazotr oph div ersity and
ence the rate of nitrogen fixation (Wang et al. 2022b ), whereas

ong-term nitrogen fertilization dramatically suppresses N-fixing 
iazotrophs (Fan et al. 2019 ). 

Nitrogenases participating in BNF are efficient microbial en- 
ymes, among whic h mol ybdenum nitr ogenases ar e best elu-
idated. Recentl y, v anadium (V) and ir on-onl y (Fe) nitrogenases
iscov er ed in free-living soil bacteria, c y anobacteria, and y easts
re beginning to be investigated (Bellenger et al. 2020 , López-
orrejón et al. 2021 ). Interestingly, Mo, V, and Fe nitrogenases
ay follow similar catalytic mechanisms since their cofactors 

nd protein scaffolds display similar structural stoichiometry. X- 
 ay crystallogr a phic studies hav e pr ovided detailed structur es
f the nitrogenases with their constituent metallo-cofactors, in- 
luding recent crystal structures of ligand-bound forms of ni- 
rogenases (Einsle and Rees 2020 ). Significant progress has been

ade in the c har acterization of the enzyme’s active site struc-
ure employing nuclear resonance spectroscopy (Van Stappen et 
l. 2023 ). Because nitrogenase gets inactivated by oxygen, microor- 
anisms hav e e volv ed pr otectiv e cellular str ategies in aer obic en-
ironments to overcome enzyme inactivation. Under a reduced 
ights r eserv ed. For permissions, please e-mail: 

https://orcid.org/0000-0003-2185-0031
mailto:rohinimattoo@iisc.ac.in
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Figur e 1. Cartoon displa ying how the r eactiv e nitr ogen species including nitr ogen oxides (NO x ), ammonia (NH 3 ), and nitrous oxide (N 2 O) in 
atmospheric, terrestrial, and marine ecosystems participate in climate change . T he water-soluble organic nitrogen and inorganic forms of nitrogen are 
components of aer osols, whic h hav e r oles in glacial melting whic h consequentl y rises sea le v els. Aer osols influence atmospheric c hemistry and 
hydrological cycle by functioning as cloud condensation nuclei (CNN). Reactive nitrogen oxides may be precursors of photochemical smog and also 
acid rain. Loss prone nitrogen exits agricultural lands to aquatic bodies causing pollution through eutrophication, creating hypoxic zones and ocean 
acidification. 

Figure 2. Micr obial r oles in the tr ansformation of nitr ogen along with its compounds in terr estrial systems has been de picted. The n umbers 1–8 
r epr esent the sequential steps involved in nitrogen cycle . T he text in squares indicate novel findings related to the pathwa ys . Data for the figures have 
been sourced from references of Huang et al. ( 2020 ), Zhao et al. ( 2020 ), Kraft et al. ( 2022 ), Krämer et al. ( 2022 ), Li et al. ( 2022a, 2022b ), Ma et al. ( 2022 ), 
Tan et al. ( 2022 ), Watanabe et al. ( 2022 ), Wu et al. ( 2022 ), Yuan et al. ( 2022 ), Garcia-Sanchez et al. ( 2023 ), and Oudova-Rivera et al. ( 2023 ). 
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Figur e 3. Microbial in volvement in transformation of nitrogen and its compounds in marine systems has been diagrammatically depicted. The 
numbers 1–8 indicate various steps involved in nitrogen cycle. Text in squares indicate novel findings related to the pathwa ys . T he figure has been 
drawn using information from Li et al. ( 2021a ), Morando and Capone ( 2018 ), Buessecker et al. ( 2022 ), Hu et al. ( 2022 ), Mao et al. ( 2022 ), Mdutyana et al. 
( 2022 ), Stief et al. ( 2022 ), Valiente et al. ( 2022 ), Zhao et al. ( 2022 ), Zhou et al. ( 2022 ), Dobashi et al. ( 2023 ), and Yao et al. ( 2023 ). 

Figure 4. Cartoon r epr esentation of link between nitr ogen and ir on, carbon, sulphur, and phosphorus in terrestrial and marine ecosystems. 
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oxygen concentration of 20%, overexpression of nafU was ob- 
served in Azotobacter vinelandii , which subsequently led to the 
promotion of nitrogenase activity by the NafU protein (Takimoto 
et al. 2022 ). Ov er-expr essing nafU in Esc heric hia coli r esulted in a 
marked enhancement of its nitrogenase function under aerobic 
conditions. 

Nov el bacterial str ains ca pable of ammonification (Fig. 2 , Step 

2) were isolated from aquatic systems and characterized, show- 
ng a close relation to the Flavobacterium genus and leading to
he proposal of their names as Flavobacterium ammonificans sp.
ov. and F. ammoniigenes sp. nov. (Watanabe et al. 2022 ). Brevibacil-

us laterosporus could induce mineral crystal formation through 

mmonification, highlighting the significance of recognizing this 
r ocess as biologicall y induced miner alization (BIM) (Zhao et
l. 2020 ). While there have been numerous recent studies that
av e extensiv el y examined bacterial ammonification in div erse
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ystems, including treatment plants, their detailed discussion is
eyond the scope of this r e vie w. 

Nitrification (Fig. 2 , Step 3) is performed by ammonia-oxidizing
acteria (AOB: Nitr osomonas, Nitr osospir a, and Nitr osococcus)
nd ammonia-oxidizing archaea (A O A: Nitrososphaera and Ni-
rosotalea) in synergy with nitrite-oxidizing bacteria (Nitrobacter,
itr ospina, Nitr ococcus, and Nitr ospir a; P ajar es and Bohannan
016 ). The identification of comammox, the complete oxidation
f ammonia into nitrate by a single organism, Nitrospira (Fig. 2 ,
tep 4), dispr ov es the notion that the oxidation of ammonia and
itrite r equir e two distinct gr oups of micr oor ganisms (v an K essel
t al. 2015 ). One model highlights NH 3 oxidation in the forma-
ion of nitrite (NO 2 

–) via a single obligate intermediate, hydroxy-
amine (NH 2 OH), enzymatically catalyzed by ammonia monooxy-
enase (AMO) and hydroxylamine oxidoreductase (HAO). How-
 v er, other studies demonstr ate that nitric oxide functions as an
dditional obligate intermediate to be oxidized to nitrite (Caranto
nd Lancaster 2017 ). All AOB that oxidizes ammonia to nitrate
ncodes AMO and HAO. Ho w e v er, A O A may not harbour HAO;
ence, the archaeal enzyme responsible for hydroxylamine oxi-
ation r emains undiscov er ed (Kuypers et al. 2018 ). The elucida-
ion of structural similarity between archaeal AMO and particu-
ate methane monooxygenase (PPMO) involved in methane oxi-
ation and the finding that methane and methanol act as com-
etitive inhibitors of archaeal AMO lay the foundation for future
tudies on the metabolism of one-carbon (C1) compounds in A O A
Oudov a-Riv er a et al. 2023 ). The discovery of an oxygen-producing
athw ay b y A O A highlights the role of A O A under anoxic condi-
ions, with interesting implications for nitrogen cycling in oxygen-
epleted environments (Kraft et al. 2022 ). 

Anammo x (Fig. 2 , Ste p 5), re ported by Humbert et al. ( 2010 ), per-
ormed by anammox bacterial genera ( Candidatus Scalindua, Ca.
rocadia, Ca. Jettenia, and Ca. Kuenenia) in both mangrove and
ice fields (Padhy et al. 2022 ) ma y ha v e a pplications in a gricul-
ural settings . T he new deep-branching bacteria Ca. Bathyanam-

oxibiaceae within the order Ca. Brocadiales, possessing genetic
otential for anammox metabolism, have been reported in terres-
rial and marine environments (Zhao et al. 2022 ). Identification of
uc h div erse bacteria furnishes a vital link for biogeochemical cy-
les and climate c hange. Recentl y, a nov el pathway for ammonia
 xidation, the microbial anammo x coupled to Fe (III) reduction,
amely ferric ammonium oxidation (Feammox), has been discov-
r ed in terr estrial and aquatic ecosystems (Tan et al. 2022 ). Pos-
ibly, feammox pathways might offer novel solutions for effective
 astew ater management. 
Micrococcus denitrificans , Thiobacillus denitrificans including

pecies of Pseudomonas and Serratia , involved in conversion of
itr ate to nitr ogen (Fig. 2 , Step 6) ar e activ e participants in deni-
rification. Recently, Acinetobacter calcoaceticus TY1 displaying dual
eter otr ophic nitrification and aerobic denitrification abilities at

ow temper atur es has been r eported, whic h could hav e potential
n w astew ater management (Wu et al. 2022 ). Functional genes
ontributing to denitrification include nitrate reductase (Nar),
itrite reductase (Nir), nitric oxide r eductase (Nor), and nitr ous
xide r eductase (Nos). Inter estingl y, most denitrifiers harbour
ither copper-containing NirK or cytoc hr ome cd 1 -containing NirS
itrite reductases encoded by nirK and nirS, r espectiv el y; ho w e v er,
radyrhizobium nitroreducens , isolated from a rice field, harbours
oth genes (Jang et al. 2018 ). Recentl y, Nir pr otein identified fr om
hlor oflexi (Sc hw artz et al. 2022 ) w as found to display a chimeric
rrangement, hinting that an ancestral horizontal transfer and a
usion e v ent ma y ha v e gener ated this . Identification of no v el v ari-
nts of the nirS and eNOR genes r e v eals that the denitrification
nzymes ar e div erse and perform important structural functions
hat warrant thorough investigation. 

DNRA (r espir atory ammonification, Fig. 2 , Step 7), performed by
eter otr ophic and anaerobic chemolithoautotrophs, transforms
itr ate (loss-pr one) into a soil-r etainable form of ammonium, thus
lleviating N loss by competing with denitrification and anam-
ox. Majorly, Clostridium , Bacillus , and Enterobacter perform DNRA

n soils . Recently, F e (II)-dependent nitr ate r educers affiliated with
eta pr oteobacteria (Li et al. 2022a ) have been found to participate

n DNRA. Noteworthy is that DNRA may assume high importance
n soil amendment regimes in a gricultur al settings to pr e v ent the
oss of nitrogen from the soil. Nitrate reductase coded by the nrfA
ene is found in differ ent gr oups of DNRA performing bacteria,
ncluding Proteobacteria, Planctomycetes, Bacteroides, and Firmi-
utes (Pandey et al. 2020 ). Interestingly, the DNRA and denitrifi-
ation pathways coexist, as observed in experimental studies in-
olving Shewanella loihica strain PV-4, capable of performing the
ual processes (Yoon et al. 2015 ). This study revealed that un-
er NO3 −/NO 2 

− limitations and at high C/N r atios, tr anscription
e v els of denitrification genes (nirK and nosZ) decreased, leading
o the predominance of the r espir atory ammonification pathway,
hereas acetate limitations at low C/N ratios increased nirK and
osZ transcription, leading to the predominance of denitrification.
lthough DNRA was pr e viousl y belie v ed to be a strictl y anaer o-
ic pr ocess, se v er al studies hav e demonstr ated that it occurs un-
er aerobic conditions (Minick et al. 2016 , Yang et al. 2017 ). The
 hemolithoautotr ophic metabolism of DNRA bacteria facilitates
he release of phosphorus in terrestrial water habitats, influenc-
ng eutrophication. Hence, this forms an important link between
he phosphorus and nitrogen cycles (Yuan et al. 2022 , Fig. 4 ). 

Studies on the heter otr ophic assimilation of ammonium (Fig. 2 ,
tep 8) in the Rhodococcus erythropolis strain reveal its direct influ-
nce on denitrification under aerobic conditions (Ma et al. 2022 ).
mmonium increases reactions involved in the reduction of ni-

rate and nitrite and facilitates the transformation of total nitro-
en. The assimilation of NO3 − (Fig. 2 , Step 8) by bacteria such as
acillus and Paenibacillus drives the production of organic acids,
hich, in turn, sho w ed a close association with r oc k phosphate

olubilization (Garcia-Sanchez et al. 2023 , Fig. 4 ). In organisms
uch as Ps. putida strain Y-9, the gene nirBD , a functional gene of
NRA, is also associated with the assimilation of NO3 − (Huang et
l. 2020 ). Inter estingl y, the genomic arr angement of nirBD in the
train Y-9 is similar to the arrangement of genes responsible for
he assimilation of NO3 − in Ps. aeruginosa (Jiang and Jiao 2016 ). 

arine nitrogen cycle and recent trends 

arine ecosystems harbour metabolicall y v ersatile functional
icr obial comm unities performing complex bioc hemical tr ans-

ormations that drive the nitrogen cycle (Fig. 3 ), affecting
tmosphere–ocean carbon flux and thus global climate change.
ymbiotic associations form a predominant component of ocean
iazotr ophic comm unities contributing to nitr ogen fixation (Fig. 3 ,
tep 1). Examples include the heterocystous cyanobacterium
ic helia intr acellularis and certain oligotrophic diatoms such as
hizosolenia and Hemiaulus (Caputo et al. 2019 ) and associ-
tions between a rhopalodiacean diatom and a diazotrophic
on-photosynthetic c y anobacterium (Pier ella Karlusic h et al.
021 ). Another form of symbiosis occurs with nitrogen-fixing
icr oor ganisms in the unicellular c y anobacterium ‘ Ca. Atelo-

 y anobacterium thalassa’ (UCYN-A), whic h liv es in symbiosis
ith small unicellular haptophyte algae such as Br aarudosphaer a

igelowii (Martínez-Pérez et al. 2016 ). Nitrogen fixation in benthic
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environments is performed by seagrass meadow and coral reef 
ecosystems. A specific association between the tropical seagrass 
Posidonia oceanica and Gamma pr oteobacterium ( Ca. Celerinatanti- 
monas neptuna) r e v eals that bacteria pr omote the surviv al and 

adaptation of seagrass under nitrogen-limiting conditions (Mohr 
et al. 2021 ). In seasonally hypoxic coastal zones, the synergy be- 
tween ir on-r educing bacteria and sulphate-r educing bacteria con- 
tributes significantly to the active nitrogen concentration in eu- 
trophic sediments (Yao et al. 2021 ). Recent studies suggest that 
r eactiv e nitr ogen (dissolv ed or ganic nitr ogen and ammonium) 
exuded by nitrogen-fixing microorganisms in surface sea water, 
contributes to the formation of water soluble organic nitrogen 

(WSON) hinting at direct but unidentified roles of microbes in ni- 
tr ogen aer osols fr om marine habitats (Dobashi et al. 2023 , Fig. 1 ). 

Recent discoveries of microorganisms that catalyze nitrifica- 
tion in marine en vironments , (Fig. 3 , Step 3) include nitrite- 
oxidizing bacteria belonging to the phyla Nitrospinota and Nitro- 
spir ota (P ark et al. 2020 ). Adv ancements in cultur e and cultur e- 
fr ee tec hniques hav e significantl y br oadened the phylogenetic di- 
versity of nitrite-oxidizing bacteria, incorporating novel lineages 
such as Ca. Nitrotoga and Ca. Nitromaritima (Ngugi et al. 2016 ,
Kitzinger et al. 2018 ). Comammox bacteria ( Nitrospira sp.) (Fig. 3 ,
Step 4) found in marine wetlands and coastal waters are dis- 
tributed in estuaries with high runoff but lo w er salinity (Sun 

et al. 2020 ). Abundantl y pr esent c y anases, in nitrite-oxidisers 
and phytoplankton, encoded by cynS, catalyze the conversion of 
c y anate to ammonium and carbon dioxide and participate in or- 
ganic N-utilization and the formation of NO 3 

– (Mao et al. 2022 ).
Nitrite-oxidoreductase (Nxr), an iron-metalloenzyme harboured 

by nitrite-oxidizing bacteria, exists as the most abundant (60 bil- 
lion molecules per litre) microbial protein in the mesopelagic zone 
(Saito et al. 2020 ). In addition to oxidation of nitrite from sink- 
ing organic matter, it has moonlighting roles in biochemical re- 
actions involving nitrogen and redo x-sensiti ve metals. Candida- 
tus Nitrotoga fabula has a unique nitrite oxidoreductase, enabling 
it to tolerate high nitrite and nitrate concentrations by utilizing 
electr on donors, namel y H 2 and sulphite (Kitzinger et al. 2018 ).
Studies r e v eal that the abundance of nitrite oxidoreductases may 
incr ease with pr olonged deoxygenation in the oceans, leading to 
a mesopelagic demand for iron and potential changes to marine 
biogeochemical cycles (Saito et al. 2020 ). 

N 2 pr oduction in offshor e marine sediments, accounting to 
67% (Thamdrup and Dalsgaard 2002 ), is contributed by anam- 
mo x (Fig. 3 , Ste p 5), and so far, six Candidatus gener a (Br ocadia,
Kuenenia, Jettenia, Scalindua, Anammoxoglobus, and Anammox- 
imicr obium) hav e been identified as anammox bacteria (Zhang 
and Okabe 2020 ). Recent studies further indicate that bacteria 
can dir ectl y couple nitric oxide reduction to ammonia oxidation 

for nitr ate pr oduction (Hu et al. 2019 , Babbin et al. 2020 ). Evi- 
dence suggests that the hadal tr enc hes ( > 6 kilometres deep) are 
hotspots for the anammox process due to the high deposition 

of r eactiv e or ganic matter acting as a source of electr on donors 
for anammox and denitrification (Thamdrup et al. 2021 ). The co- 
existence and co-abundance of anammox bacteria and n-Damo 
(nitrite-dependent anaerobic methane oxidation) bacteria illumi- 
nate their biochemical importance in the marine biogeochemical 
cycles (Zhou et al. 2022 ). 

Historicall y, marine heter otr ophic denitrification (Fig. 3 , Step 6) 
known to be performed by proteobacteria and archaea has now 

been demonstrated even by fungi, including Acremonium sp. and 

Aspergillus versicolor (Gao et al. 2020 ). Importantl y, c hemodenitri- 
fiers including Thiobacillus denitrificans and Thiomicrospira denitrifi- 
ans gener ate N 2 fr om hydr ogen sulphide (H 2 S) (De vol 2015 ), im-
licating this important reaction in atmospheric chemistry. 

DNRA (Fig. 3 , Step 7) is exhibited by marine Proteobacteria,
irmicutes , Verrucomicrobia, Planctomycetes , Acidobacteria, and 

hloroflexi (Welsh et al. 2014 ). Recently, intracellular nitrate- 
toring diatoms have emerged as significant contributors to ben- 
hic nitrogen cycling, harbouring DNRA activity under anoxic con- 
itions (Stief et al. 2022 ). Anoxia in saline environments promotes
itr ate r eduction via coupled DNRA and anammox, contributing
o a reduction in atmospheric N 2 O emissions (Valiente et al. 2022 ).

Stable isotope probing methods have been emplo y ed to in-
estigate specific functional and phylogenetic groups involved 

n assimilation (Fig. 3 , Step 8), r e v ealing that the assimilation
f NO 3 

− and urea is predominantly carried out by organisms
losel y r elated to the eukaryotic diatom Chaetoceros, while NH 4 

+ 

ssimilation is primarily dominated by prokaryotic members of 
lavobacteriaceae and Rhodobacter aceae (Mor ando and Capone 
018 ). Furthermore, taxonomic and comparative genomic analy- 
es conducted in heter otr ophic pr oteobacterial linea ges, includ-
ng Methylophaga , Marinobacterium , Pseudomonas , and Acinetobacter ,
av e pr ovided e vidence that the assimilatory nitrate reduction

ANR) process in estuarine ecosystems involves the coordinated 

ction of nitrite reductase (NirBD) and assimilatory nitrate reduc- 
ase (NasA) (Hu et al. 2022 ). 

mpact of climate change on nitrogen cycling 

arious climate change events directly influence nitrogen trans- 
ormations and dynamics. Increased drought decreases the rates 
f denitrification and miner alization, causing nitr ogen accum u-
ation (Van Metre et al. 2016 ). Natural forest wildfires positively
nfluence soil organic carbon and nitrogen pools but negatively af-
ect N miner alization. Wildfir es in the Arctic tundr a r etain higher
oil nitrogen due to the incr eased incor por ation of nitr ogen into
icrobial biomass (Xu et al. 2022 ). Further, N losses fr om for est

cosystems occur thr ough leac hing and a decline in microbial ac-
ivity (Cobo-Díaz et al. 2015 ), which pave the way for the reestab-
ishment of beneficial microbes. 

Experiments demonstrate that soil freeze-thaw events further 
upplement the soil’s labile C, leading to the enhancement of
atabolic (N mineralization and nitrification) and anabolic (N as- 
imilation leading to an increase in abundance) activities of the
icr obial comm unities during winter (Isobe et al. 2022 ). Decreases

n soil moisture may exacerbate N limitation and water deficits,
her eby suppr essing soil enzyme activity. During limitation of N,
lpine meadow ecosystems display enhanced cycling of nitrogen 

o restrict loss of nitrogenous forms (mainly nitrate), resulting in
ncreased N 2 O emissions (Zhang et al. 2022a ). Such studies are
mportant to understand the effect of climate change on soil mi-
robial populations that directly influence nitrogen cycling in dif- 
erent habitats. 

Alterations in precipitation may influence N 2 O flux in alpine
eadow ecosystems, leading to N loss in the future (Zhang et al.

022a ). Further, high intensity rainstorms flush 14 times more N
rom soils than undisturbed areas (Gustine et al. 2022 ). Waterlog-
ing alters the proportion of NH 4 

+ and NO 3 
− in the soil, which

ffects N accumulation in plant tissues (Gu et al. 2019 ). Prolonged
recipitation and flooding increase leaching of nitrate, increase 
 miner alization, and tr anslocate mobile NO 3 

− in the upper root
one (Murphy et al. 2021 ). Nitrogen-containing soil organic matter 
nder goes micr obiall y mediated decomposition, r eleasing NH 4 

+ 

o the surrounding groundwater (Liang et al. 2022 ), exuberating
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nthropogenic and natural eutrophication of aquatic bodies with
igher nitrogen flux (Sinha et al. 2017 ). 

Increased carbon dioxide (CO 2 ) directly stimulates nitrogen-
xing c y anobacteria, inhibits nitrification b y ar chaea and bacte-
ia (Hutchins et al. 2019 ) and indirectly (o xygen de pletion) influ-
nces marine ecosystems (Voss et al. 2013 ). A meta-analysis (Wan-
icke et al. 2018 ) demonstrated that ocean acidification enhanced
iazotr ophic nitr ogen fixation by 29% ± 4% and decreased nitri-
cation by 29% ± 10%. The declining ocean pH significantly in-
r eases N 2 O pr oduction by nitrifiers. If pH continues to decline at
he same r ate, N 2 O pr oduction in the Subarctic North Pacific is
redicted to increase up to 491% by the end of this century (Brei-
er et al. 2019 ). Surface warming and ocean stratification could
educe nutrient supplies to the euphotic zone (Kwiatkowski et al.
020 ), causing diminished primary pr oduction, decr eased nitrifi-
ation rates, and associated N 2 O releases. Incubation experiments
emonstrate that warming inhibits ammonia oxidation by ocean
 O A communities, although additional ammonia inputs from at-
ospheric deposition may aid in thermal adaptation (Zheng et

l. 2020 ). Although o xygen-de pleted zones r epr esent ideal envi-
 onments for nitr ogen fixers as r educed O 2 le v els benefit the O 2 -
ensitiv e nitr ogenase enzyme, expanding oxygen-deficient zones
ODZs), as a result of climate change , ha ve become major sites
f natur al nitr ous oxide (N 2 O) pr oduction and emissions. While
enitrification is responsible for the highest N 2 O production be-

ow the o xic–ano xic surface in marine systems, ammonia oxida-
ion accounts for the production of N 2 O at the upper oxic le v els
Frey et al. 2020 ). 

xploring the links between nitrogen and other 
iogeochemical cycles 

he interactions of nitrogen with other elements in the ecosystem
Fig. 4 ) influence their ov er all stoc ks in the ecosystem. Her e, we
ave discussed the interactions of nitrogen with other elements
hat influence the global nitrogen cycle. 

The incor por ation of carbon is r epr essed when decomposition
s affected by climate change. Warm temperatures favour de-
omposition, leading to increased net primary production (NPP)
nd C sequestration (Shaver et al. 2000 ). Nitrogen-induced NPP
ccounts for 13% of the global forest NPP and dominantly af-
ects carbon sinks in forests (Du and de Vries 2018 ). In ma-
ine systems, excess nitrogen stimulates the production of C-
ich algal biomass and ocean acidification, resulting in C loss
hr ough incr eased or ganic C miner alization and the r elease of CO 2 

Nakayama 2022 ). 
Various links between microbial sulphur and nitrogen path-

a ys ha ve been attempted to decipher the interconnected path-
ays (Gurung and Mattoo 2021 ). Thiosulfate, an electron donor

n the denitrification reaction, is found in Thiobacillus , Lentimicro-
ium , Sulfurovum , and Hydrogenophaga . Elemental sulphur stimu-
ates denitrification and DNRA in Thiobacillus (with NrfA and NirB)
nd Nocardioides (with only NirB) by acting as an electron donor
Li et al. 2022 ). A novel link between nitrogen and sulphur cycles
ith respect to sulphate-dependent ammonium oxidation (Sul-

ammox) involving coupling ammonia oxidation with sulphate re-
uction under anaerobic conditions has been unr av elled in natu-
 al envir onments (Liu et al. 2021 ). Assessing the r ate of micr obial
ulphate reduction in designed wetlands employing extended 

34 S-
table isotope analysis and mass balance where sulphur oxidation
o-occurs with pathways of S conversion provides intriguing evi-
ence with links to sulfammox (Liu et al. 2021 ). Neisseria and Tre-
onema catalyze k e y nitrogen and sulphur tr ansformations suc h
s sulphur reduction and anammox in mangr ov es (Meng et al.
022 ). 

Nitr ogenase (mol ybdenum nitr ogenase), along with its alter-
ativ e forms, namel y v anadium and ir on onl y nitr ogenase (un-
er molybdenum limiting conditions), utilize iron for nitrogen fix-
tion. The nitrogenase complex is composed of two 38 kDa Fe
r oteins, eac h containing one 4Fe-4S cluster, and a ∼220 kDa
imeric MoFe pr otein, whic h contains 30 F e atoms . T her efor e, the
igh demand for iron for nitrogenase synthesis suggests that ni-
rogen fixation may be limited by Fe availability (Whittaker et al.
011 ). Reactions coupling iron and nitrogen, such as Fe (III) reduc-
ion coupled to anammo x (Feammo x) and nitrate-dependent Fe
II) oxidation (NDFO), have been detected in tr opical for ests and ri-
arian zones, resulting in significant N utilization (Ding et al. 2017 ,
ang et al. 2021 ). Geobacter , Shewanella , Proteobacteria , Actinobacteria ,
nd Acidimicrobiaceae activ el y participate in the Feammox pr ocess
Xia et al. 2022 ). 

As depicted in Fig 4 , phosphorus influences nitrogen cycling.
s a k e y element, phosphorus, alters micr obial nitr ogen immo-
ilization in soils, thereby influencing denitrification and nitrous
xide emissions. Nitrogen fixation and mineralization, stimulated
y phosphorus additions, integrate further nitrogen in the nitrify-

ng or denitrifying processes, expediting increased N 2 O emissions
Mori et al. 2017 ). Links between nitrogen and phosphorus cycles
re further revealed when phosphorus de pri ved ecosystems dis-
lay reductions in N 2 O emissions due to a decline in nitrate avail-
bility and affecting denitrification (Wang et al. 2022a ). Synergis-
ic reactions between phosphate solubilizing bacteria ( Paenibacil-
us sp.) and diazotrophs ( Pa. beijingensis ) hav e demonstr ated im-
r ov ement in total N in soil, doubling the expression of the nifH
ene compared to a single bacteria inoculation, implicating its im-
ortance in a gricultur e (Li et al. 2020 ). Assessing the responses of
itrogen in relation to other elements, including phosphorus, sul-
hur, and carbon, would be of vital importance (Fig. 4 ) in climate
mart a gricultur al tec hniques (Gurung and Mattoo 2021 ). 

nthropogenic disturbances in the global 
itrogen cycle 

gricultural fertilization and fossil fuel combustion contribute to
150 Tg y −1 of r eactiv e nitr ogen to soil ecosystems. Application of
hemical fertilisers affects the abundance of microbial communi-
ies and nitrogen cycling genes (Lin et al. 2021 , Mattoo et al. 2021 ).
ad d y fields, when supplemented with synthetic fertilisers, gener-
te ∼60% of N 2 O (Timilsina et al. 2020 ), perhaps due to alterations
n microbial communities causing imbalances in nitrogen cycling
nd nutrient content. Application of a gricultur al c hemicals in-
luding urea (540 kg −1 h 

−1 y −1 dm), potassium (180 kg −1 h 

−1 y −1 

m), phosphate (540 kg −1 h 

−1 y −1 dm), di-ammonium phosphate
DAP) (180 kg −1 h 

−1 y −1 dm), gypsum (63 kg −1 h 

−1 y −1 dm), and
oric acid (63 kg −1 h 

−1 y −1 dm) during rice cultivation decreases
oil nitrate, ammonia, soil organic carbon (SOC), and total N and
 compositions (Rahman et al. 2020 ). Additionally, fertiliser runoff

eads to eutrophication, causing hypoxia (Fig. 1 ) and limiting nitri-
cation, which, in turn, restricts denitrification in aquatic bodies

Yao et al. 2021 ). 
Anthr opogenic pr actises involving excessiv e soil tilla ge r esult

n the loss of soil N due to substr ate exposur e (Xiao et al. 2019 ).
urthermor e, incr eased tilla ge decr eases soil nitr ate concentr a-
ions due to nitrate leaching resulting from alterations in soil
tructure and water movement (Li et al. 2021b ). Microplastic accu-
 ulation r estricts the expr ession of k e y functional genes encod-

ng the enzymes of the nitrogen cycle (Seeley et al. 2020 ). Pol yvin yl
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c hloride (PVC) micr oplastics fr om fertiliser a pplication, waste w- 
ater irrigation, and plastic m ulc hing manifest in an increase in 

bacterial ( Amycolatopsis , Sinomonas , Nocardia , Bradyrhizobium , and 

Burkholderia ) and fungal ( Exophiala and Cladophialophora ) popula- 
tions and a decrease in archaea ( Ca. Nitrosocosmicus), leading to 
increased NH 4 

+ and decreased NO 3 
− content in soil (Zhu et al.

2022 ). 
Long-term exposure of soils to pharmaceutical compounds, 

namel y tylosin, c hlortetr acycline , and sulfamethazine , through 

farming practises such as the addition of manures has been found 

to affect nitrogen fixation by altering the composition of Bradyrhi- 
zobial populations thriving in nodules of leguminous plants (Rev- 
ellin et al. 2018 ). Nitrification reactions display a higher sensitiv- 
ity to pharmaceutical chemicals than natural mineralization or 
ammonia volatilization processes (Pashaei et al. 2022 ). Hence, cir- 
cumventing disturbing anthropogenic activities, especially in agri- 
cultural settings, could minimize increased greenhouse gas emis- 
sions while mitigating additional influences of climate change. 

Supplementing nitrogen through the inclusion of 
beneficial nitrogen-fixing bacteria 

Because excess application of nitrogen fertiliser results in con- 
tamination of ecosystems, alternative approaches attained by in- 
tr oducing micr oor ganisms for soil nitr ogen mana gement hav e 
been recommended (Gurung and Mattoo 2021 , Mattoo and Gowda 
2022 ). For example, microbial consortia comprising Rhizobium 

phaseoli , Sinorhizobium americanum , and Azospirillum brasilense pro- 
mote nitrogen fixation in maize (Gómez-Godínez et al. 2019 ). Nos- 
toc , Calothrix , Anabaena , and Wollea fulfil nitr ogen r equir ements for 
rice cultiv ation (Iniesta-P allarés et al. 2021 ). When the nitrogen- 
fixing strain, Rhizobium mayense , isolated from the groundnut rhi- 
zosphere, was inoculated into green gram and finger millet fields,
it enhanced cr op gr owth and c hlor ophyll content by influencing 
high nitrogenase activity and hence served as a potential biofer- 
tiliser (Shameem M et al. 2023 ). Inoculating legumes with en- 
dosymbionts leads to an increase in nitrogen uptake from the soil,
resulting in better plant yields. Nitrogen fixation in so y a beans is 
enhanced by the application of Bradyrhizobium at the time of sow- 
ing (Pedrozo et al. 2018 ). Additionally, improved nitrogen fixation 

and nodulation have been observed in pigeon pea when inocu- 
lated with Bradyrhizobium (Soni et al. 2021 ). Fungal inoculations 
into legumes enhance nitrogen fixation through improved root 
functions . For example , inoculation of the white rot fungus Ceri- 
poria lacerata HG2011 into Vicia faba produced more lateral roots 
with lar ge surfaces, whic h pr ovided mor e attac hment sites for rhi- 
zobia in their nodules, thereby boosting nitrogen fixation (Yin et 
al. 2022 ). The application of microbe harbouring legumes (inter- 
cropping) is an effective approach to w ar ds meeting the nitrogen 

r equir ements of plants as they impr ov e the abundance of dia- 
zotr ophs, ther eby boosting BNF. 

Conserv ation a gricultur al tec hniques, including r aised beds 
and conservation tillage, benefit N-cycling bacterial communi- 
ties, manifesting in enhanced crop productivity (Singh et al. 2021 ).
Field management involving crop residue retention exhibits bet- 
ter a ggr egation, impr ov ed soil moistur e, and incr eased or ganic 
carbon matter due to enhanced microbial denitrification activ- 
ity. Biochar, as a soil amendment, has shown positive effects in 

inhibiting soil nitrogen loss and improving the nitrogen fixation 

capacity of soils (Zhang et al. 2022b ). Combining biochar and 

nitr ogen-fixing micr oor ganisms could be a k e y strategy for im- 
pr oving nitr ogen utilization efficienc y in plants b y supporting en- 
zyme activities associated with nitrogen cycling (Gou et al. 2023 ). 
Microbial inoculants offer promise in not only restricting syn- 
hetic nitr ogen fertilisers, whic h ar e not al ways r equir ed, but also
erve as a valuable source of BNF. 

onclusions 

icr oor ganisms participating in the nitrogen cycle are diverse,
yriad, and functionall y v ersatile, warr anting thor ough futur e

n vestigations . Microbial reactions contribute to nitrogen gener- 
tion, greenhouse gas emissions and consumption in soil, eu- 
r ophication, and the r emov al of nitr ogenous compounds fr om
quatic systems. Microbial webs in nature are complex and link
itrogen to other vital elements such as phosphorus, sulphur, etc.

dentification of the contributing factors and substrates involv- 
ng nitrogen transformation is necessary and requires insight and 

eeper analysis of microbial abundance and ev olution. F rom past
 esearc h, we learn that micr oor ganisms in the nitrogen cycle may
ossess moonlighting roles, and future research should be ori- 
nted to w ar ds inter disciplinary, cutting-edge techniques to un-
 av el the mysterious nitrogen cycle for applied research in mit-
gating climate change. 
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