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Abstract 

As the association of denitrification with global warming and nitrogen removal from ecosystems has gained attention in recent 
decades, n umer ous studies hav e examined denitrification rates and the distribution of denitrifiers acr oss differ ent envir onments. In 

this minire vie w, reported studies focused on coastal saline environments, including estuaries, mangr ov es, and hypersaline ecosys- 
tems, have been analysed to identify the relationship between denitrification and saline gradients. The analyses of the literature and 

databases stated the direct effect of salinity on the distribution patterns of denitrifiers. Howe ver, fe w works do not support this hy- 
pothesis thus making this topic contr ov ersial. The specific mechanisms by which salinity influences denitrifier distribution are not 
full y understood. Nev ertheless, sev eral physical and chemical environmental parameters, in addition to salinity, have been shown to 
play a role in structuring the denitrifying microbial communities. The prevalence of nirS or nirK denitrifiers in ecosystems is a subject 
of debate in this work. In general terms, in mesohaline environments, the predominant nitrite reductase is NirS type and, NirK is 
found pr edominantl y in h ypersaline en vir onments. Mor eov er, the appr oaches used by differ ent r esear c hers ar e quite differ ent, r e- 
sulting in a huge amount of unrelated information, making it difficult to esta b lish comparati v e anal ysis. The main techniques used 

to analyse the distribution of denitrifying populations along salt gradients have been also discussed. 

Ke yw ords: denitrification, saline ecosystem, halophilic microorganisms, nitrite reductase, denitrifiers distribution, coastal ecosystem 
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Introduction 

Denitrification is the most ener geticall y favour able r espir atory 
pathway in the absence of oxygen, wher e nitr ate (NO 3 

−) is sequen- 
tiall y r educed to nitrite (NO 2 

−), nitric oxide (NO), nitrous oxide 
(N 2 O), and dinitrogen (N 2 ), through a sequence of electr oc hemical 
gradient and a series of oxidor eductases (Fig. 1 ) (Ric hardson 2000 ,
Philippot et al. 2007 , Bakken et al. 2012 , Xie et al. 2020 ). Numer- 
ous environmental factors modulate denitrification in different 
ecosystems, such as the availability of NO 3 

− and NO 2 
−, O 2 solu- 

bility, temper atur e, or pH (Ka plan et al. 1979 , Albina et al. 2019 ,
Raboni et al. 2020 ). One of the most important factors is salinity,
which has been shown to affect denitrification, among other N- 
cycle processes (Ardón et al. 2018 ). 

Saline and hypersaline environments are found worldwide. 
Among them, are oceans, salty lakes and lagoons, saline estuar- 
ies, and salty ponds (Or en 2002 , Andr ei et al. 2012 , Fu et al. 2019 ).
Mor eov er, sea le v el rise has alr eady caused marine salt incr eases 
in coastal wetlands in many regions of the world (Herbert et al.
2015 ). This trend is expected to become more widespread as rates 
of sea le v el rise will increase from current rates of 2.2–3.6 mm 

year −1 up to 15.6 mm year –1 by 2100 (Stocker et al. 2013 ). Further- 
more, salinization together with desertification are a global prob- 
lem that affects soil parameters and structur e. Mor eov er, these 
ecosystems are increasing in size and prevalence (Feng and Fu 

2013 , Torr egr osa-Cr espo et al. 2018 ). 
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Denitrification per se is an essential metabolic pathway driven 

y micr oor ganisms in these ecosystems as it allows cellular res-
iration in the absence of oxygen even though implies the loss
f N-fixed. Ho w e v er, in the last decades, this metabolic pathway
as become e v en mor e r ele v ant because anthr opogenic activities
urr entl y lead to the contamination of saline systems by NO 3 

−

nd NO 2 
− (Martinez-Espinosa et al. 2007 , Martínez-Espinosa et al.

011 , Ochoa-Hueso et al. 2014 , Torregrosa-Crespo et al. 2018 ). Den-
trification is with nitrification, the main biological sources of ni-
rous oxide emission. N 2 O is an intermediate of the denitrifica-
ion process and can be the final product in partial denitrifica-
ion carried out by bacteria and archaea. It is worth noting that
 lar ge percenta ge of haloarc haea, consider ed the most r epr e-
entativ e gr oup of micr oor ganisms in hypersaline envir onments,
arry out partial denitrification (releasing NO or N 2 O into the at-
ospher e). This c har acteristic has led to the identification of hy-

ersaline ecosystems as a potential source of nitrogenous gases 
Miralles-Robledillo et al. 2021 ). T his , together with the expansion
nd pr e v alence of saline envir onments, means that denitrification
n this kind of ecosystem deserves to be studied in depth. 

The r esearc h studies that r elate denitrification and salinity ar e
umer ous, but the a ppr oac h used to anal yse this r elationship is
uite differ ent, r esulting in a huge amount of unrelated informa-
ion: on the one hand, ther e ar e studies focused on denitrification
 ates, whic h quantitativ el y measur e the loss of nitr ogen fr om the
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Figure 1. Summary of reactions and enzymes involved in the denitrification process . T he complete reduction of nitrate to dinitrogen is driven by 
metalloenzymes nitrate reductase (NarGH: membrane-bound nitrate reductase; NapAB: periplasmic nitrate reductase), nitrite reductase (NirK: 
copper-containing nitrite reductases; NirS: cytochrome-cd1-dependent nitrite reductases), nitric oxide reductase (qNor: quinol dependent nitric oxide 
reductase; cNor: short-chain respiratory nitric oxide reductase; Cu A Nor: copper-containing nitric oxide reductase), and nitrous oxide reductase (NosZ). 
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abitat by denitrification, using, e.g. the isotope 15 N (Hou et al.
013 ); on the other hand, ther e ar e molecular studies to quan-
ify the abundance and diversity of denitrification related genes
r denitrifying micr oor ganisms under salinity conditions (Lay et
l. 2013 , Lee and Francis 2017 ). 

In this sense, because the metabolic potential for denitrifi-
ation is widespread among many phylogenetically unrelated
roups, a 16S rRNA-based approach or 16S rRNA analysis methods
av e ne v er been a ppr opriate to study denitrifying comm unities

Francis et al. 2013 ). Instead, the functional genes encoding k e y
etalloenzymes in the denitrification pathway hav e pr ov en to be

seful molecular markers for denitrifying or ganisms; particularl y,
itrite r eductase (NiR), whic h catal yses the first committed step
o a gaseous product (Zumft 1997 ). The choice for nirS or nirK as

olecular markers is strengthened by the fact that the main dif-
erence between true denitrifiers and other micr oor ganisms with
O 3 

−-reducing activity is that the first group has two different
ypes of enzymes, a cytoc hr ome cd1-containing nitrite reductase
ncoded by nirS (cdNir) or a Cu-dependent nitrite reductase (Cu-
ir) encoded by nirK (Zhou et al. 2016 ). For this reason, genes nirK
nd nirS have been proven useful molecular markers to r esolv e
he structure of denitrifying communities in most environments
Zhou et al. 2016 ). 

Considering the rising r ele v ance of arid and saline habitats in
he world and the role that denitrification plays in the nitrogen
iogeoc hemical cycle globall y and in particular in saline ecosys-
ems, this r e vie w aims to summarize and update the information
vailable on this metabolic pathway in different coastal ecosys-
ems where the presence of salts is relevant: from coastal envi-
onments with marine influences, such as estuaries , ba ys , or man-
r ov es, to coastal envir onments with extr eme concentr ations of
alts: the so-called hypersaline en vironments . 

reshw a ter, slightly saline, and marine 

oastal environments 

uring the last decades, r a pid industrialization, massiv e fertiliza-
ion of crops and urbanization have produced huge amounts of
O 3 

−, NO 2 
−, and NH 4 

+ r eac hing coastal r egions, whic h has al-
eady exerted a serious threat to the environmental quality of
stuarine and coastal en vironments , intensifying eutrophication
Cheung et al. 2003 , Seitzinger 2008 ). Although denitrification in-
olves a loss of available nitrogen in the ecosystem, it also works
s a sink for the excessive N load that these habitats could accu-
ulate due to anthropogenic activities. In estuarine sediments,

enitrification can r emov e mor e than 50% of the NO 3 
− from the
ater column, hence the r ele v ance of denitrification in coastal
n vironments , pla ying a k e y role in ameliorating the degree of eu-
rophication (Seitzinger et al. 2006 , Caffrey et al. 2007 , Gruber and
allo w ay 2008 , F rancis et al. 2013 ). 

stuaries 

stuaries are ecosystems where a freshwater river or stream
eets the ocean. When freshwater and seawater combine, the
ater becomes br ac kish, or slightl y salty. In these ecosystems, it is
stimated that denitrification contributes up to 93.4% to the total
itrogen loss while anammox was much less quantitatively signif-

cant (Zheng et al. 2015 ). In fact, the rate of denitrification in sed-
ments has been significantly higher than those in other kinds of
atur al envir onments (De vol 2015 ), making estuarine sediments
ignificant players in the r emov al of r eactiv e nitr ogen (Hong et al.
019 ). For this reason, it is critical to understand the community
ynamics and distribution of the underlying denitrifiers in estu-
rine sediments. 

One of the most studied ecosystems as an estuary model for
enitrification is the Yangtze estuary, belonging to the Yangtze
iver, the longest in China and the whole of Asia. This river has
een receiving an increasing load of anthropogenic nitrogen from
sh farming, a gricultur al activities, and both industrial and do-
estic w astew ater disc har ge, whic h has r esulted in se v er el y eu-

rophic status in the estuarine and adjacent coastal areas (Chai
t al. 2006 ). Furthermore, due to these activities, it has been esti-
ated that denitrification contributed 87.1% to 93.4% to the total
 loss from intertidal sediments of the estuary based on pr e vious
xperiments (Hou et al. 2013 ). 

In the study of Zheng et al. ( 2015 ), surface sediments samples
er e collected fr om se v en r epr esentativ e sites fr om the intertidal
ats along the Yangtze Estuary to investigate the diversity, compo-
ition, and abundance of denitrifiers based on the nirS gene and to
xplore potential links of these communities to estuarine environ-
ental v ariables, especiall y the salinity (concentr ations between
 and 20 ppt). The results sho w ed that the highest nirS biodiversity
based on nucleotide sequence) was observed at the lo w er salin-
ty concentration (0–1.5 ppt), while the lo w est value occurred at
he higher salinity site (10–20 ppt). In terms of quantification, the
bundance of nirS -harbouring denitrifiers was significantly higher
t the lo w er salinity sites (6.37 × 10 6 –9.00 × 10 7 copies g −1 sedi-
ent) than at the higher salinity sites (1.01 × 10 6 –7.50 × 10 6 copies

 

−1 sediment; p < .05). Ov er all, the r esults indicated that nirS -
arbouring bacterial community structures in the sediments of
he Yangtze Estuary (in terms of nirS biodiversity) correlated sig-
ificantly with salinity ( p = .002). In fact, of all the environmental
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par ameters inv estigated (temper atur e, NH 4 
+ , NO 3 

−, and NO 2 
−, to- 

tal phosphor ous, or ganic carbon, and sediment mean size), only 
salinity sho w ed a significant corr elation with the nirS gene div er- 
sity ( r = −0.549; p = .042; n = 14) (Zheng et al. 2015 ). This trend 

was consistent with the pr e vious r esults in estuarine sediments,
confirming that salinity plays a vital role in the N-cycle of the es- 
tuarine ecosystems (Francis et al. 2013 ). Nevertheless, the abun- 
dance of denitrifiers may also be reflected by denitrification rates 
and in this study, any significant correlations between nirS gene 
abundance and denitrification rates ( p > .05) were found. 

Another recent study performed along the Yangtze estuary per- 
formed by Wang et al. ( 2019a ) confirmed the results obtained by 
Zheng et al. ( 2015 ), but in this case, the authors analysed the com- 
munity composition and distribution of the nosZ gene by high 

throughput sequencing and q-PCR (Wang et al. 2019a ). This study 
also claimed that salinity is important in structuring denitrify- 
ing bacteria and pointed out that the abundance and diversity of 
denitrifiers wer e observ ed to decr ease with the incr ease in salinity 
le v el (Wang et al. 2019a ). 

As highlighted before, surface sediments are known to be hot 
spots where N-fixed get lost, reducing the anthropogenic nitrogen 

input. Ho w e v er, the comm unity structur e of denitrifiers and their 
role in nitrogen loss remain poorly understood in the subsurface 
estuarine sediments. In this sense, one of the newest studies was 
carried out by Xie et al. ( 2020 ). In this case, the area of study be- 
longed to the Pearl River, located in the south of China, and salin- 
ity w as sho wn to be significant in driving the shift of community 
structure of nirS -denitrifiers [Shannon index was positiv el y corr e- 
lated with it ( p < .01, R = 0.507)], although pH was the most sig- 
nificant envir onmental par ameter influencing comm unity struc- 
turing of the denitrifiers in the sediments ( F = 8.4, p < .05). These 
results conflict with the study mentioned before carried out by 
Wang et al. ( 2019a ), where the diversity of denitrifiers has a nega- 
tiv e corr elation with salinity. Pr obabl y, this is because the salinity 
gr adient explor ed in the Xie et al. ( 2020 ) study was higher (0–294.5 
psu), whereas in the study of Wang et al. ( 2019a ) w as narro w er 
(24.1–34.5 psu). 

The abundance of nirS -type bacteria in the sediments sho w ed 

significant spatial v ariations: v erticall y in eac h sediment cor e, the 
abundance of the nirS gene decreased gradually from the surface 
to the bottom la yer. T he abundance of the nirS gene ranged from 

1.70 × 10 5 to 3.63 × 10 8 copies g −1 in the sediments, similar to 
those observed in a subtropical estuary in Mexico (Bahia del To- 
bari), which had 2.72 × 10 6 –8.82 × 10 7 copies g −1 (Beman 2014 ).
T he a v er a ge v alues of abundance wer e 1.11 × 10 8 copies g −1 and 

2.14 × 10 7 copies g −1 in surface and bottom sediment, r espectiv el y.
Ho w e v er, despite these differ ences, the potential r ates of den- 

itrification were not significantly different and there was no cor- 
r elation between micr obial activities and the abundance of the 
nirS gene ( p > .05). The mismatching of potential rates and the 
nirS abundance was also observed in Zheng et al. ( 2015 ), and it 
could be explained by the fact that r esearc hers did not target the 
nirK encoding gene in the study (Zheng et al. 2015 ). This trend has 
been follo w ed in many denitrification studies in estuaries. 

In the same year, Fozia et al. ( 2020 ) published a study in the 
Indus River estuary, in Pakistan. This river has a total length of 
3200 km, and human activities, such as excessive use of fertil- 
izers in a gricultur e and impr oper disposal of waste water con- 
tribute > 3 × 10 6 tons of nitrogen to the Indus River basin each 

year, causing different environmental problems in the area, such 

as coastal eutrophication (Wang et al. 2019b ). In response to this 
question, this study aimed to investigate microbial reactive ni- 
trogen loss by analysing the biodiversity, abundance, and distri- 
ution patterns of nirS -harbouring denitrifiers across the salinity 
radient of the Indus estuary. For this purpose, 12 samples from
iffer ent ar eas of the estuary wer e collected and anal ysed. The
hysicoc hemical pr operties of the samples, as well as denitrifi-
ation rates and nirS abundance, were measured in each sam-
le (Fozia et al. 2020 ). The results sho w ed that the biodiversity
f nirS -harbouring denitrifiers obtained in the Indus River estu-
ry was similar to that obtained in other environments (such as
he Chesapeake Bay estuary) (Francis et al. 2013 ), and that the nirS
ene diversity sho w ed nonsignificant-spatial-differences betw een 

reshw ater, lo w salinity and high salinity sampling sites (one-way
NOVA, p > .05), compared to pr e vious studies . T he analyses also
isplayed that the denitrifier communities from the Indus River 
ere divided into two phylogenetic gr oups: gr oup I was r etrie v ed

n the high-salinity sediments (16–36 ppt) and group II was recov-
red in the low-salinity and freshwater sediments (0–15 ppt). This
istribution suggests that, as in the Yangtze estuary, salinity is
n important factor in the distribution of denitrifier communities 
Zheng et al. 2015 ). Furthermore, the abundance of the nirS gene
as reported to range from 5.3 × 10 6 to 2.5 × 10 8 copies g −1 dry

ediment, which is also very similar to the quantified abundance
n the Yangtze River estuary, and the Bahia del Tobari estuary, but
ignificantly higher than the found in the Laizhou bay sediments
Beman 2014 , Zheng et al. 2015 , Fozia et al. 2020 ). Finally, deni-
rification rates in the Indus River estuary were estimated in the
ange of 0.01–6.27 μmol N kg −1 h 

−1 , stating that denitrification
ontributes to 78.1% of the total nitrogen loss in the marsh sedi-
ents of this estuary (Fozia et al. 2020 ). 
Some studies have attempted to identify differences in the eco-

ogical niches occupied by nirS and nirK -harbouring bacteria in es-
uarine ecosystems, resulting in a more precise description of the
enitrification capacity as both versions are usually present: this 

s the case of the work conducted by Lee and Francis ( 2017 ). The
ocation studied was the San Francisco Bay estuary, which is the
argest on the west coast of the USA. It has long been an ecosystem
ubject to anthropogenic change: the greatest sources of nitro- 
en are agricultural return flow drains and municipal w astew ater
reatment facilities (Hager and Schemel 1992 ). 

The study sho w ed that nirS w as consistentl y mor e abundant
han nirK in all samples: nirS abundances ranged from 1.2 × 10 7 

o 2.9 × 10 8 copies g −1 while nirK abundances ranged between 

.9 × 10 5 and 1.8 × 10 6 copies g −1 sediment. These measurements 
 gr eed with r esults fr om studies in other estuaries, suc h as Chesa-
eake Bay (Bulow et al. 2008 ), Colne Estuary (Smith et al. 2007 ),
nd Elkhorn Slough (Smith et al. 2014 ) and also in pr e vious stud-
es in San Francisco Bay (Mosier and Francis 2010 ). Reports of nirK
bundance in estuaries are scarce, but the few studies focused on
t yielded abundance results between 10 3 and 10 7 copies g −1 sed-
ment (Abell et al. 2010 , Smith et al. 2014 ). In general, when both
enes have been quantified, nirK is at least one order of magnitude
ess abundant than nirS or it is not e v en detectable (Nogales et al.
002 , Lee and Francis 2017 ). Furthermore, studies that consider
irK quantification, have been restricted by the specificity of the
CR primers to detect only cluster I-type nirK , hence the abun-
ance of nirK communities would be higher (Mosier and Francis
010 , Wei et al. 2015 , Helen et al. 2016 ). 

Also, to understand how environmental factors might affect 
he variations in gene abundances, nirK and nirS relative abun-
ances were studied in connection with NO 3 

− concentrations,
emper atur e, and salinity, among others. In the case of salinity,
irK sho w ed a significant negative effect ( p = .004). Ho w e v er, one
f the most remarkable findings of this study is the identification
f an abundant group of nirK -harbouring microorganisms that 



4 | FEMS Microbiology Letters , 2023, Vol. 370 

s  

t  

a  

s  

S
 

s  

t  

i  

t  

a  

i  

g  

o  

a  

m  

f  

(  

c  

d  

s  

a
 

i  

H  

p  

u  

a  

e
 

o  

a  

i  

o  

b  

s  

i  

c  

c  

o  

h
C  

C  

l  

r  

n  

a  

c  

t  

d  

l  

o  

n  

s  

d

M
M  

z  

i
 

m  

O  

t  

i  

o  

o  

t  

d  

u
 

p  

t  

f  

e  

e
 

r  

p  

s  

t  

i  

m  

s  

g  

i  

a  

o  

e  

t  

g  

t  

t  

e  

t  

d  

s  

a  

w  

o  

n  

C  

s  

i  

t  

2
 

m  

s  

t  

i  

t  

t  

a  

t  

p  

c  

s  

e  

l  

(  

2  

a  

F  

l  
eems to be pr efer entiall y abundant in high-salinity regions of
he estuary (around 30 psu). Many studies have found nirK genes
nd transcripts to be in low abundance or entir el y undetectable in
aline environments (Mosier and F rancis 2010 , F rancis et al. 2013 ,
mith et al. 2014 ). 

In terms of div ersity, nirK comm unities wer e markedl y site-
pecific: se v er al clades a ppear ed to be endemic to a few sites of
he study and most of them sho w ed high similarity to those found
n estuarine and marine sediments such as Chesapeake Bay (For-
unato et al. 2009 ) or South China Sea subseafloor sediment (Li et
l. 2013 ). The most closely related sequences from cultured den-
trifiers isolates were all Alpha- , Beta- , or Gamma-proteobacteria . Of
r eat inter est is that 215 of nirK sequences fell into a single group
f ‘high salinity’ clades, sharing 85% nucleotide identity on aver-
 ge, and br anc hed deepl y fr om the r est of the tr ee . T he closest
atc hes wer e other sequences fr om San Fr ancisco Bay sediment,

rom high salinity sites in San Francisco Bay and the South Bay
Mosier and Francis 2010 ). Howe v er, no published sequences from
ultur ed r epr esentativ es fell within this group. Despite their high
iv er gence fr om other nirK sequences, the sequences in the high-
alinity clade all shared the conserved region surrounding the cat-
lytic histidine typically associated with type I Cu-Nir. 

In the case of nirS, most sequences fell into a large clade that
ncludes sequences from cultured Beta- and Gamma-proteobacteria .
o w e v er, in contr ast to nirK phylogen y, site specificity was less a p-
ar ent in nirS phylogen y. Most of the clades wer e closel y r elated to
ncultur ed sequences fr om coastal and estuarine sediments suc h
s the Jiazhou Bay (Dang et al. 2009 ) and the Arabian Sea (Yoshida
t al. 2009 ). 

Another interesting study, i.e. worth mentioning was carried
ut along the Columbia Riv er, wher e fiv e sampling points were
nalysed by metagenomics and metatranscriptomics techniques,
ncluding samples from the river, the estuary, the plume, and the
cean (Fortunato and Crump 2015 ). A dramatic change in micro-
ial community composition from the river to the ocean was ob-
erv ed fr om the taxonomic pr ofiles of 16S sequences identified
n the metagenomes. Actinobacteria and Betaproteobacteria de-
r eased acr oss the salinity gr adient. Gamma pr oteobacteria, espe-
iall y the famil y Oceanospirillales, incr eased fr om the riv er to the
cean. Ov er all, the meta genomes fr om the differ ent samples wer e
ighl y similar acr oss the salinity gr adient, with an av er a ge Br ay–
urtis similarity of 82% based on the normalized abundance of
OG functions. Ho w e v er, the metatr anscriptomes wer e less simi-

ar. T he a v er a ge similarity was onl y 31%. Metatr anscriptomic data
 e v ealed that denitrification gene expression ( napA , narG , nirK ,
orB , and nosZ ) was increased in the samples from the estuary
nd that the narG gene was also highly expressed in the river and
oastal ocean (Fortunato and Crump 2015 ). In the end, despite the
axonomic differences between samples, no relationship between
enitrification and salinity was found, pr obabl y due to the simi-

arity in the functionality of the communities found. The authors
f this study suggested that these similarities are due to a combi-
ation of factors such as the rapid movement of the river and the
imilarity of conditions between samples in terms of oxygen and
issolv ed or ganic carbon (Fortunato and Crump 2015 ). 

angroves 

angr ov es gr ow in the coastal sediment habitats at transition
ones between terr estrial, fr eshwater, and oceanic envir onments
n tropic and subtropic regions (Bai et al. 2013 ). 

T hey pla y an important role as hotspots, transforming and re-
oving nutrient compounds (Bouillon et al. 2008 , Pennings 2012 ).
ne of the most important c har acteristics of these ecosystems is
hat they are subjected to tidal action, which causes large changes
n different parameters such as salinity, water temperature, and
xygen le v el, incr easing the complexity of their stud y. The stud y
f the mangr ov es is particularl y important, as the total area of
hese habitats is declining by 1%–2% by year and is predicted to
isappear in the next century if the actual rate of decline contin-
es (Duke et al. 2007 , Giri et al. 2011 ). 

It is belie v ed that nitr ogen r emov al in mangr ov e wetlands is
rimarily dependent on aerobic nitrification and anaerobic deni-
rification by micr oor ganisms (Fu et al. 2019 ). Man y efforts hav e
ocused on how denitrifying communities respond to the salinity
le v ation in coastal, yet the answer remains ambiguous (Marton
t al. 2012 , Xie et al. 2014 , Sheng et al. 2015 ). 

Xiao et al. ( 2018 ) investigated seaw ater–groundw ater exchange
ates and inorganic nitrogen concentrations along a shore-
erpendicular intertidal transect in a subtropical mangrove
w amp. Sw amps ar e ar eas wher e water is collected and one of
heir c har acteristics is that oxygen concentr ation is usuall y low;
n this study, three hydrologic subzones were sampled (tidal creek,

angr ov e, and bar e m udflat zones) in Da ya Ba y, China. Results
ho w ed that denitrification accounted for 90% of the total nitro-
en loss, and anammox accounted for the remaining 10%. Specif-
cally, the highest potential denitrification rates were measured
t 9.16 nmol N g −1 h 

−1 in the surface sediment of the core (SCS)
btained in the mangr ov e zone of the tr ansects, whic h was about
ight times higher than that at the surface sediments taken from
he mudflat zone. Also, SCS had the highest abundance of nirS
ene at 2.65 × 10 7 copies g −1 , m uc h higher compared to the bot-
om part of the sediment core (SCB; 5.95 × 10 6 copies g −1 ). Al-
hough denitrification, gener all y, is an anaer obic pr ocess, the high-
st r ates wer e measur ed on the surface of the sediments, where
he oxygen concentration was higher than in the lower part. T hus ,
enitrifiers exhibited higher activities on the surface where the
ubstr ate (e.g. or ganic matter and NO 3 

−) was sufficient (Xiao et
l. 2018 ). This study suggests that nitrification may be coupled
ith denitrification in the sediments . T he need for a minimum
xygen concentration to carry out this metabolic pathway can-
ot be ruled out as has pr e viousl y been pr oposed (Torr egr osa-
respo et al. 2020a ). Although denitrification was initially de-
cribed as an anoxic metabolic pathway, aerobic denitrification
s also suitable for se v er al bacterial species as it has been ex-
ensiv el y r eported during this century (Kim et al. 2008 , Hao et al.
022 ). 

Another type of test, i.e. carried out for the study of environ-
ental factors on the N-cycle, especially salinity, is those that use

mall-scale experimental vertical flow constructed wetland sys-
ems. Fu et al. ( 2019 ) constructed mangr ov e w etlands b y plant-
ng the salt-tolerant mangrove species Kandelia candel to inves-
igate the influence of salinity fluctuations on the denitrifica-
ion performance and denitrifying microbial community (Fu et
l. 2019 ). On the one hand, a significant negativ e corr elation be-
ween salinity and NO 3 

−-N r emov al was observ ed ( r = −0.983;
 = .019): at salinity le v els below 0.9%, the constructed wetlands
ould r emov e NO 3 

−-N with efficiencies of 59 ± 22%, while at a
alinity of 1.8%, the NO 3 

−-N concentration of the effluent was
 v en higher than that of the influent (1.42 mg l −1 vs. 1.27 mg
 

−1 ) (Fu et al. 2019 ); on the other hand, when salinity increased
from 0% to 1.8%), the abundance of the nirS gene decreased from
.82 ± 1.63 × 10 7 copies g −1 to 1.52 ± 1.23 × 10 7 , showing a neg-
tiv e corr elation between the two data ( r = −0.743; p = .016).
urthermor e, ther e was also found a significant negative corre-
ation between salinity and the total nitrogen removal rate ( r =
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−0.957; p = .011), an indication that salinity would have a certain 

inhibitory effect on the growth of denitrifying microorganisms (Fu 

et al. 2019 ). 
Other recent studies have focused in greater depth on the ef- 

fect of salinity on denitrification in mangr ov e habitats, mainl y 
thr ough labor atory incubation experiments. Wang et al. ( 2018 ) 
investigated the response of mangrove surface sediments nitri- 
fying and denitrifying communities to different salinities (0, 10,
20, and 30 ppt) during 28-day incubation. The activity of deni- 
trification was calculated as the av er a ge N 2 O emission per day 
during a 12-day incubation after sampling. The emission rate de- 
creased as salinity increased, with the minimum value detected 

in vials with salinities of 30 ppt after 28 days of incubation. Like- 
wise, salinity affected the abundances of denitrifying genes: the 
nirK and nosZ abundances were significantly lo w er in 30-ppt sam- 
ples compared to the other samples on day 28, while there was no 
significant change in nirS abundance . Also, on da y 28, the nirK/nirS 
r atio was significantl y gr eater in 0-ppt samples compared to the 
others. 

A recent study in the Qi’ao Mangrove Wetland Park (China) 
reported that the nitrogen fixation rate (NFR) and clusters for 
nitr ogen-fixing incr eased with the depth of mangr ov e sediments 
(Luo et al. 2021 ). By contrast, the abundance of functional en- 
zymes that carried out denitrification ( nirS and nirK ) decreased 

with depth (Luo et al. 2021 ). Also, the salt concentration increased 

with the depth. When the cluster of denitrification-related genes 
was compared between surficial and deep sediments, the abun- 
dance decreased between 13.8% and 49.7% depending on the 
denitrification-related enzyme (Luo et al. 2021 ). 

Li et al. ( 2020 ) determined the nosZ -denitrifier communities 
in surface sediments of nationwide distribution mangr ov e wet- 
lands in China and their relationships with the physicochemi- 
cal parameters of sediments, including salinity and total nitro- 
gen. The analysis was performed in the Avicennia marina man- 
gr ov e for est and m udflat. In this case, the salinity, sediment ni- 
trogen, and carbon had a positive correlation with the denitrifier 
community in the A. marina forest indicating that sediment den- 
itrifier density depended on mangr ov e habitat specificity (Li et al.
2020 ). 

As w ell, F r anklin et al. ( 2017 ) r e ported a positi v e r elationship be-
tween salinity and denitrifier abundance in tidal wetlands of Vir- 
ginia (USA) showing a greater abundance of nirS denitrifiers than 

nrfA DNRA micr oor ganisms. 
Se v er al pa pers r e ported that salinity negati v el y affected den- 

itrification activity, the abundance of denitrifiers, and the com- 
munity composition, as mentioned abo ve . T hese data are in con- 
cordance with the idea that denitrification is negativ el y affected 

by salinization across coastal environments (Ikenaga et al. 2010 ,
Wang et al. 2011 , Zhou et al. 2017 , 2018 , Fu et al. 2019 , Luo et al.
2021 ). Man y mec hanisms may contribute to this phenomenon: 
the increase of salinity might affect the growth of the microor- 
ganisms and their metabolism and then, reduce the soil respi- 
ration (Wong et al. 2008 ), decreasing the oxygen consumption 

and thus inhibiting the anaerobic denitrifying process (Wong et 
al. 2008 ). Also, reducing nitrification by salinity elevation can de- 
cr ease nitr ate av ailability, limiting denitrification (Giblin et al.
2010 ). Ho w e v er, some r esearc h r eflects the contr ary, and in some 
locations, denitrification has a significant positive correlation 

with salinity and depth (Franklin et al. 2017 , Li et al. 2020 ). The 
mechanism behind this could be the lo w er solubility of oxygen 

in salt water, which forces micr oor ganisms to perform alterna- 
tiv e r espir ation, suc h as denitrification (Mir alles-Robledillo et al.
2021 ). 
oastal hypersaline environments 

ypersaline environments are in general worst described in terms 
f micr obial biodiv ersity and denitrification than other geogr a ph-
cally closed related ecosystems. A quick comparison using the 
atabase Web of Science demonstrates the differences in the 
umber of publications by year in the three habitats analysed

n this minir e vie w (Fig. 2 ). The highest number of publications
n the last 20 years corresponds to estuaries being the best-
 har acterized ecosystems, follo w ed b y mangr ov es. Ho w e v er, the
umber of publications for hypersaline (not only coastal) environ- 
ents is the lo w est. Among the best-described hypersaline envi-

onments, the following examples could be highlighted. 
The lost Hammer Spring comprises a cryoenvironment located 

n Alex Heiberg Island (Canada) and it is c har acterized by sub-
er o temper atur es, high salt concentr ation (25%), and oligotr ophic
6.87 mg kg −1 of ammonia), microoxic (0.1–1 ppm), and reducing
 −165 mV) conditions (Lay et al. 2013 ). Metagenomic and pyrose-
uencing analyses of the cDNA of its 16S rRN A genes w ere per-
ormed to determine the genetic and functional microbial com- 
onents. Some genes involved in denitrification were detected,

ncluding narG , nirS , and nosZ . Sur prisingl y, an y nitric oxide r e-
uctase read was found in the study (Lay et al. 2013 ). The taxo-
omic profile for each denitrification-related enzyme was highly 
iffer ent. Sequences r elated to Psychrobacter spp. and Nostoc spp.
ere the most important genera detected for narG , and Flavobac-

erium spp. and Kangiella spp. were the predominant genera con-
aining nirS , whereas the nosZ gene was very restricted to deltapro-
eobacteria, especially Campylobacter spp. Although denitrification 

 ates wer e not measur ed in the study, denitrification r eads fr om
eta genomic data wer e higher than nitrification and ammonifi-

ation (Lay et al. 2013 ). 
Desnues et al. ( 2007 ) performed a seasonal study to analyse the

istribution of denitrifying and bacterial communities in a pre- 
oncentration pond of the Salin-de-Girauds salterns in Camar- 
ue (France) (Fourçans et al. 2004 , Desnues et al. 2007 ). In the
tudy, mat samples were collected in May 2000, January 2001, and
 une 2001. T he salinity of the o v erl ying water in eac h sample was
30 psu, 95 psu, and 120 psu, r espectiv el y (Fourçans et al. 2004 ,
esnues et al. 2007 ). Denitrification rates according to N 2 O pro-
uction r ates wer e similar in the three seasonal samples r eac hing
alues of 0.63 ± 17 mmol N m 

−2 d 

−1 , 0.67 ± 0.09 mmol N m 

−2 d 

−1 ,
nd 0.88 ± 0.3 mmol N m 

−2 d 

−1 , r espectiv el y. Additionall y, in eac h
ample, denitrifying populations wer e anal ysed, comparing DGGE 
atterns of 16S and nirS , and nirK genes, according to the depth
f microbial mat and fluctuating parameters . T he DGGE nirS pat-
ern reported spatial and temporal changes according to depth 

nd season and the nirS denitrifying community sho w ed a signif-
cant change ( R = 0.4749, p = .0028) comparing oxic and anoxic
ones of the mat. On the one hand, the nirS community structure
as significantly affected by environmental parameters (oxygen,
H, and sulfur) and pr efer entiall y deepl y located in the perma-
ent anoxic zone of the mat. On the other hand, nirK populations
 eported a differ ential c hange between oxic and anoxic zones, pre-
ominating in the upper layer of the mat with a lar ge v ariation of
hysicoc hemical par ameters. Fr om an ecological point of view, the
irK micr obial comm unity seems to be gr eater ada ptable (Desnues
t al. 2007 ). 

Another studied hypersaline ecosystem is the Ria Lagartos la- 
oon, which is an estuary within a protected environmental re-
erve on the northern coast of Yucatan (Mexico). This lagoon is
nder the effect of low precipitations and high e v a por ation, whic h
r oduces eutr ophication and an incr ease in the concentration of
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Figure 2. Bar charts comparing the number of publications available in the Web of Science database on denitrification over the last 20 years in 
hypersaline , mangro ves , and estuarine ecosystems. (A) Number of publications by year about denitrification in mangr ov es. The searc h equation 
utilized to obtain the data was: estuar ∗ AND denitrification (Topic). (B) Number of publications by year about denitrification in estuaries . T he search 
equation utilized to obtain the data was: mangr ov e ∗ AND denitrification (Topic). (C) Number of publications by year in hypersaline habitats . T he 
search equation utilized to obtain the data was: hypersalin ∗ AND denitrification (Topic). 
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itrogen (N) and phosphorus (P) in the area, as well as variations
n salinity le v els during the year (Valdes and Real 2004 , Perry et
l. 2010 ). Regarding these variations and the pressure of human
ctivities, the aim of this study carried out by Valdes and Real
 2004 ), was to determine the nitrogen and phosphorus balance
nd fluxes between the water column and the sediments of the
agoon. 
For this study, 30 stations were sampled along the lagoon, and
hey wer e c har acterized by physicoc hemical anal yses. Denitrifi-
ation was detectable in all samples with v alues ar ound 50 μmol
 

−2 h 

−1 and two stations above 100 μmol m 

−2 h 

−1 (47.4 μmol m 

−2

 

−1 on av er a ge) and salinity was measured ranging from 60.05
o 147.52 psu (Valdes and Real 2004 ). The correlation between
enitrification and salinity was not mentioned in the study, but
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it is stated that the total N in the sediments sho w ed lo w er con- 
centrations in the zone near the sea, and higher concentrations 
in the inner zone (Valdes and Real 2004 ). Furthermore, the esti- 
mated denitrification rates (47.4 μmol m 

−2 h 

−1 on average) were 
three times lo w er than the nitrification rates (150.5 μmol m 

−2 h 

−1 

on av er a ge) and the av er a ge ammonium r elease (250 μmol m 

−2 

h 

−1 on av er a ge) was almost twice the av er a ge nitrification (Valdes 
and Real 2004 ). The large differences between the three processes 
suggest that nitrogen recycling was very high and the yield low 

in this ecosystem. Mor eov er, the measur ed concentr ations of or- 
ganic matter (3.73% ± 1.65%), total nitrogen (99.14 ± 62.73 μmol 
g −1 ), and phosphorus (4.42 ± 1.82 μmol g −1 ) in lagoon sediments 
indicate that they may be sinks for these elements (Valdes and 

Real 2004 ). 
Apart from these articles, there is not too much information 

about how denitrification is working in coastal hypersaline en- 
vironments although denitrification driven by halophilic archaea 
and bacteria has been extensiv el y described in vitro to c har acter- 
ize the enzymes involved and the pathway (Torr egr osa-Cr espo et 
al. 2020b , Lledó et al. 2004 , 2020a , Miralles-Robledillo et al. 2023 ).
This lack of knowledge should be considered to encourage new 

r esearc h focused on the nitrogen fluxes in these extremophilic 
ecosystems. Recent bioinformatic r esearc h about the most pr e v a- 
lent micr oor ganisms in hypersaline habitats, the haloarc haea 
(Halobacteria class), analysed the denitrification capacity of these 
micr oor ganisms by looking for denitrification genes in all the 
av ailable haloarc haeal genomes in the NCBI Genome database,
aiming to understand if the hypersaline habitats could be clas- 
sified as sources or sinks of nitrogenous gases (Pruitt et al. 2007 ,
Torr egr osa-Cr espo et al. 2018 , Miralles-Robledillo et al. 2021 ). Re- 
gar ding this, it w as studied if these micr oor ganisms carried a par- 
tial or a complete denitrification a ppar atus . T he results sho w ed 

that 70.5% of the r e vie wed species hav e the potential ca pabil- 
ity for denitrification, being 58.2% partial denitrifiers, and 12.3% 

of them complete denitrifiers (Miralles-Robledillo et al. 2021 ).
The fact that most species encode at least one and more than 

half at least two k e y enzymes involved in denitrification indi- 
cates the importance of this process in ecosystems with low oxy- 
gen av ailability, suc h as hypersaline coastal envir onments. Mor e- 
over, it was also found that in this class of micr oor ganisms, the 
denitrifiers whose theoretical end product is nitric o xide re pre- 
sent 12.8% of the total potential denitrifiers, whereas species in 

which denitrification end product would be nitrous o xide re pre- 
sent 46.5% (Miralles-Robledillo et al. 2021 ). T hus , 59.3% of the po- 
tential haloarchaeal denitrifiers can emit greenhouse gases into 
the atmospher e (Mir alles-Robledillo et al. 2021 ). It is important to 
note that all archaea inhabiting hypersaline envir onments ar e the 
pr e v alent micr oor ganisms and contain a clade II copper–nitrite 
reductase (NirK). This could explain the abundance of nirK in hy- 
persaline ecosystems. Regarding the studies carried out in coastal 
hypersaline environments it can be deduced that the scientific 
community maybe is underestimating these habitats in terms of 
nitrogenous gas emissions. 

Finally, considering all the data about the NiR distribution col- 
lected in this minir e vie w, it can be summarized that NirS and NirK 

sho w ed a particular distribution depending on salinity. This dis- 
tribution is shown in Fig. 3 , that describes in which habitat each 

type of NiR is most abundant. 
Considering all the mentioned studies carried out in coastal hy- 

persaline environments it can be deduced that the scientific com- 
munity maybe is underestimating these habitats in terms of ni- 
trogenous gas emissions. 
m  
onclusions 

hile salinity has a direct, although not fully understood, effect
n the distribution patterns of denitrifiers, and more specifically 
irS -harbouring bacterial communities, it is worth noting that 
 variety of physical/chemical environmental parameters might 
lso be important in structuring estuarine microbial communities 
f denitrifiers with complex interactions (Dang et al. 2009 , Francis
t al. 2013 , Zheng et al. 2015 ). 

The pr e v alence of nirS or nirK denitrifiers in ecosystems is still
 matter of debate. In general terms, there is a correlation be-
ween salt concentration and type of Nir abundance (Santoro et
l. 2006 ), which indicates some kind of specialization of these en-
ymes. Studies in coastal ecosystems along salinity gradient con- 
lude that with the increase of NaCl concentration (concentra- 
ions around 34.5 g/Kg), the predominant NiR in the microbial
omm unity is NirS (Santor o et al. 2006 , Jones and Hallin 2010 ).
o w e v er, in hypersaline envir onments (concentr ations ar ound or
bove 300 g l −1 ), the predominant NiR is NirK, found essentially
n archaea species like Haloarcula marismortui , Haloarcula hispanica ,
alofer ax mediterr anei , or Halofer ax volcanii (Miralles-Robledillo et
l. 2021 ). 

This a ppar ent specialization may be explained due to the more
idespr ead natur e of nirS sequences compar ed to nirK sequences
long salinity gradients . T he diversity of genes encoding NirS is
ounded in places with low and moderate NaCl concentrations 
hile nirK -encoding genes are restricted to low salinity points or
ypersaline en vironments , where the oxygen concentrations are 

ow (Santoro et al. 2006 , Miralles-Robledillo et al. 2021 ). This is
ummarized in Fig. 3 . Ho w e v er, some studies r eported nirK popula-
ions in the oxic layer with salt concentrations around 95 and 130
su (Cole et al. 2004 , Desnues et al. 2007 ). Although the pr e v alence
f nirK in oxic layers is questionable, there is evidence of denitrifi-
ation r ate measur ements in oxygenated micr onic hes (Kim et al.
008 , Marchant et al. 2017 , Hao et al. 2022 ). 

The supposed adv anta ge of NirK comm unities to the NirS at the
ighest salt concentrations might reside because of the different 
 hemical structur es of both enzymes, whic h determines the r e-
ox potential of the reactions catalysed in both cases . T he first
as copper centres with higher reducing po w er than the heme
roup of the cytochromes of NirS. This feature could explain the
r e v alence of NirK in environments whit low oxygen solubility
nd high reducing po w er like hypersaline habitats. Ne v ertheless,
t the time of writing this work, there is no scientific evidence that
erifies this hypothesis. 

In this minir e vie w, differ ent r esearc h articles with different ap-
r oac hes hav e been anal ysed for all ecosystems. Ho w e v er, ther e
re limitations in some of them that result in missing informa-
ion that could be valuable for a better understanding of N fluxes
nd the importance of denitrification in these coastal ecosystems.
ome studies only are focused on the measurements of physico-
 hemical par ameters (denitrification r ates, total nitr ogen…) and
thers only on the distribution or expression pattern of a specific
ype of enzyme (NirK/NirS/NosZ). Especiall y, a gr eat part of the
tudies are focused only on the distribution of the nirS gene. Only
nalysing the distribution of a gene lead to an important loss of

nformation because the presence of a gene does not necessar- 
ly mean that denitrification is happening in that ecosystem. This
nly confirms that are microorganisms with denitrification capac- 
ty. Ho w e v er, other articles integrate all these data using metage-
omics , pro viding more details on what is happening with the mi-
r obial comm unity in that specific sampling point. The different
ethods used in these articles are listed in Table 1 . In summary, to
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Figure 3. Ov ervie w of the NiR-type distribution along aquatic environments regarding salinity based on the analysis of the literature done in this 
r e vie w. The dotted lines indicate the environments where the type of NiR is less abundant. Arrows indicate the higher abundance of that NiR type. 

Table 1. Summary of the adv anta ges and disadv anta ges of three main techniques used in microbial population studies. 

Techniques Ad v antages Disad v antages References 

Physicochemical 
measurements 

-Fast measurements. It does 
not need a meticulous 

handling 

-Radiolabelling could be 
hazardous 

-Specific kits for 
radiolabelling 

It does not give molecular 
information 

Valdes and Real ( 2004 ), Wong et al. ( 2008 ), 
Giblin et al. ( 2010 ), Marton et al. ( 2012 ), Hong 
et al. ( 2019 ) 

q-RTPCR and qPCR - Amplification of specific 
gene 

-It can detect the expression 
(RNA) of the different genes 

-Weak or non-hybridization 
for div er gent sequences 

-Requires optimization of the 
reaction (time-consuming) 

Desnues et al. ( 2007 ), Kim et al. ( 2008 ), 
Ikenaga et al. ( 2010 ), Wang et al. ( 2011 ), Bai 
et al. ( 2013 ), Hou et al. ( 2013 ), Xie et al. 
( 2014 ), Zheng et al. ( 2015 ), Franklin et al. 
( 2017 ), Lee and Francis ( 2017 , 2018 ), Xiao et 
al. ( 2018 ), Fu et al. ( 2019 ), Fozia et al. ( 2020 ), 
Li et al. ( 2020 ), Luo et al. ( 2021 ) 

Next-generation 
sequencing 

-Whole metagenome or 
metatranscriptome 

sequencing 
-It can detect genes with 

div er gent consensus 
sequences 

-More information about 
other bioprocesses 

-Cost of the service/r ea gents Giri et al. ( 2011 ), Lay et al. ( 2013 ), Fortunato 
and Crump ( 2015 ), Wang et al. ( 2019a ), Luo 
et al. ( 2021 ) 
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btain the most valuable data for the study of a specific environ-
ent, metagenomics and physicochemical measurements should

e used together to overcome all the limitations that a study with
 single a ppr oac h and the use of less efficient techniques such as
-RTPCR can produce. 

Finally, it is relevant to highlight that although denitrifica-
ion has been studied in coastal environments like estuaries or

angr ov es, ther e is a lack of information about how denitri-
cation works in hypersaline en vironments . T here are almost
o studies about denitrification rates and gene abundances in
hese areas, most of the research is focused on the descrip-
ion of the microbial diversity of these ecosystems (including the
enitrifying community) (Han et al. 2017 , Kimbrel et al. 2018 ,
 avloudi and Zafeir opoulos 2022 ). Ho w e v er, onl y by inv estigat-
ng the community we are missing relevant and sensitive in-
ormation regarding the increase of hypersaline environments
nd their relationship with NO and N 2 O emissions (Miralles-
obledillo et al. 2021 ). Ther efor e, looking at the information
 vailable , more efforts should be made to understand denitri-
cation in these extreme environments and how salinity gra-
ient changes microbial population and denitrification capac-

ty. Mor eov er, considering that some halophilic micr oor ganisms
av e been pr oposed as good bior emediation a gents for nitr ate
nd nitrite r emov al in saline waters (Martínez-Espinosa et al.
007 ). 

onflict of interest : None declared. 

eferences 

bell GCJ , Revill AT, Smith C et al. Archaeal ammonia oxidizers and
nirS -type denitrifiers dominate sediment nitrifying and denitrify-
ing populations in a subtr opical macr otidal estuary. ISME J 2010; 4 .
https:// doi.org/ 10.1038/ ismej.2009.105 .

lbina P , Durban N, Bertron A et al. Influence of hydrogen electron
donor, alkaline pH, and high nitrate concentrations on microbial
denitrification: a r e vie w. Int J Mol Sci 2019; 20 . https:// doi.org/ 10.3
390/ijms20205163 .

https://doi.org/10.1038/ismej.2009.105
https://doi.org/10.3390/ijms20205163


Torr egr osa-Cr espo et al. | 9 

 

 

F  

F  

F  

 

 

F  

 

G  

G  

 

 

G  

H  

H  

 

H  

H  

 

 

H  

 

 

H  

 

 

I  

 

J

K  

K  

K  
Andrei A ̧S , Banciu HL, Oren A. Living with salt: metabolic and phy- 
logenetic diversity of Archaea inhabiting saline ecosystems. FEMS 
Microbiol Lett 2012; 330 :1–9.

Ardón M , Helton AM, Bernhardt ES. Salinity effects on greenhouse 
gas emissions from wetland soils are contingent upon hydrologic 
setting: a micr ocosm experiment. Biogeoc hemistry 2018; 140 . https: 
// doi.org/ 10.1007/ s10533- 018- 0486- 2 .

Bai S , Li J, He Z et al. GeoChip-based analysis of the functional gene 
diversity and metabolic potential of soil microbial communities 
of mangr ov es. A ppl Microbiol Biotec hnol 2013; 97 . https:// doi.org/ 10 
.1007/s00253- 012- 4496- z .

Bakken LR , Bergaust L, Liu B et al. Regulation of denitrification at the 
cellular le v el: a clue to the understanding of N 2 O emissions fr om 

soils. Phil Trans R Soc B 2012; 367 :1226–34.
Beman JM . Activity, abundance, and diversity of nitrifying archaea 

and denitrifying bacteria in sediments of a subtropical estuary: 
bahía del Tóbari, Mexico. Estuar Coasts 2014; 37 :1343–52.

Bulo w SE , F rancis CA, J ackson GA et al. Sediment denitrifier com- 
munity composition and nirS gene expression investigated with 

functional gene micr oarr a ys . Environ Microbiol 2008; 10 . https://do 
i.org/ 10.1111/ j.1462-2920.2008.01765.x .

Caffrey JM , Bano N, Kalanetra K et al. Ammonia oxidation and 
ammonia-oxidizing bacteria and arc haea fr om estuaries with dif- 
fering histories of hypoxia. ISME J 2007; 1 . https:// doi.org/ 10.1038/ 
ismej.2007.79 .

Chai C , Yu Z, Song X et al. The status and c har acteristics of eu- 
trophication in the Yangtze River (Changjiang) estuary and the 
adjacent East China Sea, China. Hydrobiologia 2006; 563 . https: 
// doi.org/ 10.1007/ s10750- 006- 0021- 7 .

Cheung KC , Poon BHT, Lan CY et al. Assessment of metal and nutri- 
ent concentrations in river water and sediment collected from 

the cities in the Pearl River Delta, South China. Chemosphere 
2003; 52 . https:// doi.org/ 10.1016/ S0045- 6535(03)00479- X .

Cole AC , Semmens MJ, LaP ar a TM. Str atification of activity and bacte- 
rial comm unity structur e in biofilms gr own on membr anes tr ans- 
ferring oxygen. Appl Environ Microbiol 2004; 70 :1982.

Dang H , Wang C, Li J et al. Diversity and distribution of sediment 
nirS -encoding bacterial assemblages in response to environmen- 
tal gradients in the eutrophied Jiaozhou Bay, China. Microb Ecol 
2009; 58 . https:// doi.org/ 10.1007/ s00248- 008- 9469- 5 .

Desn ues C , Michote y VD, Wieland A et al. Seasonal and diel distribu- 
tions of denitrifying and bacterial communities in a hypersaline 
microbial mat (Camargue, France). Water Res 2007; 41 :3407–19.

Devol AH . Denitrification, anammox, and N 2 production in marine 
sediments. Ann Rev Mar Sci 2015; 7 . https:// doi.org/ 10.1146/ annu 

rev- marine- 010213- 135040 .
Duk e NC , Me yneck e J-O, Dittmann S et al. A world without man- 

gr ov es?. Science 2007; 317 . https:// doi.org/ 10.1126/ science.317.58 
34.41b .

Feng S , Fu Q. Expansion of global drylands under a warming climate.
Atmos Chem Phys 2013; 13 :10081–94.

Fortunato CS , Carlini DB, Ewers E et al. Nitrifier and denitrifier molec- 
ular operational taxonomic unit compositions from sites of a 
freshwater estuary of Chesapeake Bay. Can J Microbiol 2009; 55 .
https:// doi.org/ 10.1139/ W08-124 .

Fortunato CS , Crump BC. Microbial gene abundance and expres- 
sion patterns across a river to ocean salinity gradient. PLoS ONE 
2015; 10 . https:// doi.org/ 10.1371/ JOURNAL.PONE.0140578 .

Fourçans A , De Oteyza TG, Wieland A et al. Characterization of 
functional bacterial groups in a hypersaline microbial mat com- 
m unity (Salins-de-Gir aud, Camar gue, Fr ance). FEMS Microbiol Ecol 
2004; 51 . https:// doi.org/ 10.1016/ j.femsec.2004.07.012 .
ozia , Zheng Y, Hou L et al. Community dynamics and activity of nirS -
harboring denitrifiers in sediments of the Indus River Estuary. Mar 
Pollut Bull 2020; 153 . https:// doi.org/ 10.1016/ j.marpolbul.2020.110 
971 .

rancis CA , O’Mullan GD, Cornwell JC et al. Transitions in nirS -type
denitrifier div ersity, comm unity composition, and biogeoc hem- 
ical activity along the Chesapeake Bay estuary. Front Microbiol 
2013; 4 . https:// doi.org/ 10.3389/ fmicb .2013.00237 . 

ranklin RB , Morrissey EM, Morina JC. Changes in abundance and
comm unity structur e of nitr ate-r educing bacteria along a salinity
gradient in tidal wetlands. Pedobiologia 2017; 60 . https:// doi.org/ 10
.1016/j.pedobi.2016.12.002 .

u G , Han J, Yu T et al. The structure of denitrifying microbial com-
munities in constructed mangrove wetlands in response to fluc- 
tuating salinities. J Environ Manage 2019; 238 . https:// doi.org/ 10.1
016/j.jenvman.2019.02.029 .

iblin AE , Weston NB, Banta GT et al. The effects of salinity on nitro-
gen losses from an oligohaline estuarine sediment. Estuar Coasts 
2010; 33 . https:// doi.org/ 10.1007/ s12237- 010- 9280- 7 .

iri C , Ochieng E, Tieszen LL et al. Status and distribution of man-
gr ov e for ests of the world using Earth observation satellite data.
Global Ecol Bio geo gr 2011; 20 . https:// doi.org/ 10.1111/ j.1466-8238.
2010.00584.x .

ruber N , Gallo w ay JN. An earth-system perspective of the global
nitrogen cycle. Nature 2008; 451 . https:// doi.org/ 10.1038/ nature06 
592 .

a ger SW , Sc hemel LE. Sources of nitr ogen and phosphorus to
Northern San Francisco Bay. Estuaries 1992; 15 :40–52.

an R , Zhang X, Liu J et al. Micr obial comm unity structur e and div er-
sity within hypersaline Keke Salt Lake en vironments . Can J Micro-
biol 2017; 63 :895–908.

elen D , Kim H, Tytgat B et al. Highly diverse nirK genes comprise
two major clades that harbour ammonium-producing denitri- 
fiers. BMC Genomics 2016; 17 :1–13.

erbert ER , Boon P, Burgin AJ et al. A global perspective on wet-
land salinization: ecological consequences of a gr owing thr eat to
freshw ater w etlands. Ecosphere 2015; 6 . https:// doi.org/ 10.1890/ ES
14-00534.1 .

ong Y , Wu J, Guan F et al. Nitrogen removal in the sediments of
the Pearl River Estuary, China: evidence from the distribution and
forms of nitrogen in the sediment cores. Mar Pollut Bull 2019; 138 .
https:// doi.org/ 10.1016/ j.marpolbul.2018.11.040 .

ou L , Zheng Y, Liu M et al. Anaerobic ammonium oxidation (anam-
mo x) bacterial di versity, abundance, and activity in marsh sed-
iments of the Yangtze Estuary. J Geophys Res Biogeosci 2013; 118 .
https:// doi.org/ 10.1002/ jgrg.20108 .

kena ga M , Gue v ar a R, Dean AL et al. Changes in community struc-
ture of sediment bacteria along the Florida coastal everglades 
marsh-mangr ov e-sea gr ass salinity gr adient. Microb Ecol 2010; 59 .
https:// doi.org/ 10.1007/ s00248- 009- 9572- 2 .

ones CM , Hallin S. Ecological and evolutionary factors underly- 
ing global and local assembly of denitrifier communities. ISME 
J 2010; 4 :633–41.

aplan W , Valiela I, Teal JM. Denitrification in a salt marsh ecosys-
tem. Limnol Oceanogr 1979; 24 . https:// doi.org/ 10.4319/ lo.1979.24.4 
.0726 .

im M , Jeong SY, Yoon SJ et al. Aerobic denitrification of Pseudomonas
putida AD-21 at different C/N ratios. J Biosci Bioeng 2008; 106 :498–
502.

imbrel JA , Ballor N, Wu YW et al. Microbial community structure
and functional potential along a hypersaline gradient. Front Mi- 
crobiol 2018; 9 :1492.

https://doi.org/10.1007/s10533-018-0486-2
https://doi.org/10.1007/s00253-012-4496-z
https://doi.org/10.1111/j.1462-2920.2008.01765.x
https://doi.org/10.1038/ismej.2007.79
https://doi.org/10.1007/s10750-006-0021-7
https://doi.org/10.1016/S0045-6535(03)00479-X
https://doi.org/10.1007/s00248-008-9469-5
https://doi.org/10.1146/annurev-marine-010213-135040
https://doi.org/10.1126/science.317.5834.41b
https://doi.org/10.1139/W08-124
https://doi.org/10.1371/JOURNAL.PONE.0140578
https://doi.org/10.1016/j.femsec.2004.07.012
https://doi.org/10.1016/j.marpolbul.2020.110971
https://doi.org/10.3389/fmicb.2013.00237
https://doi.org/10.1016/j.pedobi.2016.12.002
https://doi.org/10.1016/j.jenvman.2019.02.029
https://doi.org/10.1007/s12237-010-9280-7
https://doi.org/10.1111/j.1466-8238.2010.00584.x
https://doi.org/10.1038/nature06592
https://doi.org/10.1890/ES14-00534.1
https://doi.org/10.1016/j.marpolbul.2018.11.040
https://doi.org/10.1002/jgrg.20108
https://doi.org/10.1007/s00248-009-9572-2
https://doi.org/10.4319/lo.1979.24.4.0726


10 | FEMS Microbiology Letters , 2023, Vol. 370 

L  

 

 

L  

 

L  

 

 

L  

 

L  

 

 

L  

 

 

M  

 

 

M  

 

 

M  

 

M  

 

 

M  

 

M  

 

 

M  

 

N  

 

 

O  

 

 

O  

 

P  

 

P  

P  

 

 

P  

 

P  

 

 

R  

 

R  

 

S  

S  

 

S  

 

 

S  

 

 

S  

 

 

 

S  

 

 

 

T  

 

T  

 

 

T  

 

V  

 

W  

 

 

W  

 

 

W  

 

ay CY , Mykytczuk NCS, Yergeau É et al. Defining the functional po-
tential and active community members of a sediment microbial
community in a high-Arctic hypersaline subzero spring. Appl En-
viron Microbiol 2013; 79 :3637–48.

ee JA , Francis CA. Spatiotempor al c har acterization of San Francisco
Bay denitrifying communities: a comparison of nirK and nirS di-
versity and abundance. Microb Ecol 2017; 73 :271–84.

i M , Hong Y, Cao H et al. Diversity, abundance, and distribution of
NO-forming nitrite reductase-encoding genes in deep-sea sub-
surface sediments of the South China Sea. Geobiology 2013; 11 .
https:// doi.org/ 10.1111/ gbi.12020 .

i R , Wu S, Chai M et al. Denitrifier communities differ in mangrove
wetlands across China. Mar Pollut Bull 2020; 155 . https:// doi.org/ 10
.1016/j.marpolbul.2020.111160 .

ledó B , Martı´nez-Espinosa RM, Marhuenda-Egea FC et al. Respi-
r atory nitr ate r eductase fr om haloarc haeon Haloferax mediter-
ranei : biochemical and genetic analysis. Biochim Biophys Acta
2004; 1674 :50–9.

uo Z , Zhong Q, Han X et al. De pth-de pendent variability of biologi-
cal nitrogen fixation and diazotrophic communities in mangrove
sediments. Microbiome 2021; 9 . https:// doi.org/ 10.1186/ s40168-021
- 01164- 0 .

archant HK , Ahmerkamp S, Lavik G et al. Denitrifying community
in coastal sediments performs aerobic and anaerobic respiration
sim ultaneousl y. ISME J 2017; 11 . https:// doi.org/ 10.1038/ ismej.20
17.51 .

artinez-Espinosa RM , Dridge EJ, Bonete MJ et al. Look on the posi-
tive side! the orientation, identification and bioenergetics of “Ar-
c haeal” membr ane-bound nitr ate r eductases. FEMS Microbiol Lett
2007; 276 :129–39.

artínez-Espinosa RM , Zafrilla B, Camacho M et al. Nitrate and ni-
trite r emov al fr om salted w ater b y Halofer ax mediterr anei . Biocatal
Biotransform 2007; 25 :295–300.

arton JM , Herbert ER, Craft CB. Effects of salinity on denitrification
and greenhouse gas production from laboratory-incubated tidal
forest soils. Wetlands 2012; 32 . https:// doi.org/ 10.1007/ s13157-012
- 0270- 3 .

iralles-Robledillo JM , Bernabeu E, Giani M et al. Distribution of den-
itrification among haloarchaea: a comprehensive study. Microor-
ganisms 2021; 9 :1–14.

iralles-Robledillo JM , Martínez-Espinosa RM, Pire C. Analysis of
the external signals driving the transcriptional regulation of the
main genes involved in denitrification in Haloferax mediterranei .
Front Microbiol 2023; 14 :676.

osier AC , Francis CA. Denitrier abundance and activity across the
San Francisco Bay estuary. Environ Microbiol Rep 2010a; 2 . https:
// doi.org/ 10.1111/ j.1758-2229.2010.00156.x .

ogales B , Timmis KN, Nedwell DB et al. Detection and diversity of ex-
pressed denitrification genes in estuarine sediments after r e v erse
tr anscription-PCR amplification fr om mRNA. A ppl Environ Micro-
biol 2002; 68 . https:// doi.org/ 10.1128/ AEM.68.10.5017-5025.2002 .

c hoa-Hueso R , Arróniz-Cr espo M, Bowker MA et al. Biogeochemical
indicators of ele v ated nitr ogen deposition in semiarid mediter-
ranean ecosystems. Environ Monit Assess 2014; 186 . https://doi.or
g/ 10.1007/ s10661- 014- 3822- 6 .

r en A . Div ersity of halophilic micr oor ganisms: envir onments, phy-
logeny , physiology , and applications. J Ind Microbiol Biotechnol
2002; 28 . https:// doi.org/ 10.1038/ sj/jim/7000176 .

 avloudi C , Zafeir opoulos H. Deciphering the comm unity structur e
and the functional potential of a hypersaline marsh microbial
mat community. FEMS Microbiol Ecol 2022; 98 :1–18.

ennings SC . Ecology: the big picture of marsh loss. Nature 2012; 490 .
https:// doi.org/ 10.1038/ 490352a .
erry E , Velazquez-Oliman G, Marin L. The hydr ogeoc hemistry of the
karst aquifer system of the Northern Yucatan Peninsula, Mex-
ico. Int Geol Rev 2010; 44 :191–221. http:// dx.doi.org/102747/ 0020-6
814443191 .

hilippot L , Hallin S, Schloter M. Ecology of denitrifying prokaryotes
in a gricultur al soil. Adv Agron 2007; 96 . https:// doi.org/ 10.1016/ S0
065- 2113(07)96003- 4 .

ruitt KD , Tatusova T, Maglott DR. NCBI reference sequences (Ref-
Seq): a curated non-redundant sequence database of genomes,
transcripts and proteins. Nucleic Acids Res 2007; 35 . https://doi.or
g/ 10.1093/ nar/ gkl842 .

aboni M , Viotti P, Rada EC et al. The sensitivity of a specific denitrifi-
cation rate under the dissolved oxygen pressure. Int J Environ Res
Public Health 2020; 17 . https:// doi.org/ 10.3390/ ijerph17249366 .

ic hardson DJ . Bacterial r espir ation: a flexible pr ocess for a c hanging
envir onment. Microbiolog y 2000; 146 . https:// doi.org/ 10.1099/ 0022
1287- 146- 3- 551 .

eitzinger S . Nitrogen cycle: out of reach. Nature 2008; 452 . https://do
i.org/ 10.1038/ 452162a .

eitzinger S , Harrison JA, Böhlke JK et al. Denitrification across land-
scapes and waterscapes: a synthesis. Ecol Appl 2006; 16 . https:
// doi.org/ 10.1890/ 1051-0761(2006)016[2064:DALAWA]2.0.CO;2 .

heng Q , Wang L, Wu J. Vegetation alters the effects of salinity on
greenhouse gas emissions and carbon sequestration in a newly
created wetland. Ecol Eng 2015; 84 . https:// doi.org/ 10.1016/ j.ecol
eng.2015.09.047 .

mith CJ , Nedwell DB, Dong LF et al. Diversity and abundance of ni-
tr ate r eductase genes ( narG and napA ), nitrite reductase genes
( nirS and nrfA ), and their transcripts in estuarine sediments. Appl
Environ Microbiol 2007; 73 . https:// doi.org/ 10.1128/ AEM.02894-06 .

mith JM , Mosier AC, Francis CA. Spatiotemporal relationships be-
tween the abundance, distribution, and potential activities of
ammonia-oxidizing and denitrifying micr oor ganisms in inter-
tidal sediments. Microb Ecol 2014; 69 . https:// doi.org/ 10.1007/ s002
48- 014- 0450- 1 .

tocker TF , Qin D, Plattner G-K et al. IPCC, 2013: Climate Change
2013: The Physical Science Basis. Contribution of Working Group I
to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change . AR5. Cambridge: Cambridge University Press,
2013.

orr egr osa-Cr espo J , Ber gaust L, Pir e C et al. Denitrifying haloar-
chaea: sources and sinks of nitrogenous gases. FEMS Microbiol Lett
2018; 365 . https:// doi.org/ 10.1093/ femsle/fnx270 .

orr egr osa-Cr espo J , Pir e C, Ber gaust L et al. Halofer ax mediterr anei , an
archaeal model for denitrification in saline systems, character-
ized thr ough integr ated physiological and tr anscriptional anal y-
ses . F ront Microbiol 2020a; 11 :1–13.

orr egr osa-Cr espo J , Pir e C, Ric hardson DJ et al. Exploring the molec-
ular machinery of denitrification in Halofer ax mediterr anei through
proteomics . F ront Microbiol 2020b; 11 :605859.

aldes DS , Real E. Nitrogen and phosphorus in water and sediments
at Ria Lagartos coastal lagoon, Yucatan, Gulf of Mexico. Ind J Mar
Sci 2004; 33 :338–45.

ang H , Gilbert JA, Zhu Y et al. Salinity is a k e y factor dri ving
the nitrogen cycling in the mangrove sediment. Sci Total Env-
iron 2018; 631-632 . https://doi.org/10.1016/j.scitotenv.2018.03.10
2 .

ang J , Kan J, Qian G et al. Denitrification and anammox: under-
standing nitrogen loss from Yangtze Estuary to the east China
sea (ECS). Environ Pollut 2019a; 252 . https:// doi.org/ 10.1016/ j.envp
ol.2019.06.025 .

ang J , Yang D, Zhang Y et al. Do patterns of bacterial diversity
along salinity gradients differ from those observed for macroor-

https://doi.org/10.1111/gbi.12020
https://doi.org/10.1016/j.marpolbul.2020.111160
https://doi.org/10.1186/s40168-021-01164-0
https://doi.org/10.1038/ismej.2017.51
https://doi.org/10.1007/s13157-012-0270-3
https://doi.org/10.1111/j.1758-2229.2010.00156.x
https://doi.org/10.1128/AEM.68.10.5017-5025.2002
https://doi.org/10.1007/s10661-014-3822-6
https://doi.org/10.1038/sj/jim/7000176
https://doi.org/10.1038/490352a
http://dx.doi.org/102747/0020-6814443191
https://doi.org/10.1016/S0065-2113(07)96003-4
https://doi.org/10.1093/nar/gkl842
https://doi.org/10.3390/ijerph17249366
https://doi.org/10.1099/00221287-146-3-551
https://doi.org/10.1038/452162a
https://doi.org/10.1890/1051-0761(2006)016[2064:DALAWA]2.0.CO;2
https://doi.org/10.1016/j.ecoleng.2015.09.047
https://doi.org/10.1128/AEM.02894-06
https://doi.org/10.1007/s00248-014-0450-1
https://doi.org/10.1093/femsle/fnx270
https://doi.org/10.1016/j.scitotenv.2018.03.102
https://doi.org/10.1016/j.envpol.2019.06.025


Torr egr osa-Cr espo et al. | 11 

ganisms?. PLoS ONE 2011; 6 . https:// doi.org/ 10.1371/ journal.pone 

 

Pearl River to coastal South China Sea. Appl Microbiol Biotechnol 

Y  

 

Z  

Z  

Z  

Z  
.0027597 .
Wang M , Tang T, Burek P et al. Increasing nitrogen export to 

sea: a scenario analysis for the Indus River. Sci Total Environ 
2019b; 694 :133629.

Wei W , Isobe K, Nishizawa T et al. Higher diversity and abundance 
of denitrifying micr oor ganisms in envir onments than consider ed 
pr e viousl y. ISME J 2015; 9 :1954–65.

Wong VNL , Dalal RC, Greene RSB. Salinity and sodicity effects on 

r espir ation and microbial biomass of soil. Biol Fertil Soils 2008; 44 .
https:// doi.org/ 10.1007/ s00374- 008- 0279- 1 .

Xiao K , Wu J, Li H et al. Nitrogen fate in a subtropical mangrove 
swamp: potential association with seaw ater-groundw ater ex- 
change. Sci Total Environ 2018; 635 . https:// doi.org/ 10.1016/ j.scitot 
env.2018.04.143 .

Xie H , Hong Y, Liu H et al. Spatio-temporal shifts in community struc- 
ture and activity of nirS -type denitrifiers in the sediment cores of 
Pearl River Estuary. PLoS ONE 2020; 15 . https:// doi.org/ 10.1371/ jo 
urnal.pone.0231271 .

Xie W , Zhang C, Zhou X et al. Salinity-dominated change in commu- 
nity structure and ecological function of Archaea from the lo w er 
Recei v ed 3 April 2023; revised 9 June 2023; accepted 5 July 2023 
© The Author(s) 2023. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This is an O
Attribution-NonCommercial-NoDerivs licence ( https://creativecommons.org/licenses/by- 
work, in any medium, provided the original work is not altered or transformed in any way

journals.permissions@oup.com 
2014; 98 . https:// doi.org/ 10.1007/ s00253- 014- 5838- 9 .
oshida M , Ishii S, Otsuka S et al. Temporal shifts in diversity and

quantity of nirS and nirK in a rice pad d y field soil. Soil Biol Biochem
2009; 41 . https:// doi.org/ 10.1016/ j.soilbio .2009.07.012 . 

heng Y , Hou L, Liu M et al. Diversity, abundance, and distribution of
nirS -harboring denitrifiers in intertidal sediments of the Yangtze 
Estuary. Microb Ecol 2015; 70 . https:// doi.org/ 10.1007/ s00248- 015- 0 
567-x .

hou M , Butterbach-Bahl K, Ver eec ken H et al. A meta-analysis of soil
salinization effects on nitrogen pools, cycles and fluxes in coastal 
ecosystems. Glob Chang Biol 2017; 23 . https:// doi.org/ 10.1111/ gcb. 
13430 .

hou S , Huang T, Zhang C et al. Illumina MiSeq sequencing r e v eals
the community composition of NirS-Type and NirK-Type denitri- 
fiers in Zhoucun reservoir-a large shallow eutrophic reservoir in 

northern China. RSC Adv 2016; 6 . https:// doi.org/ 10.1039/ c6ra18 
017e .

umft WG . Cell biology and molecular basis of denitrification. Micro-
biol Mol Biol Rev 1997; 61 . https:// doi.org/ 10.1128/ .61.4.533-616.19 
97 .
pen Access article distributed under the terms of the Cr eati v e Commons 
nc- nd/4.0/ ), which permits non-commercial r e pr oduction and distribution of the 
, and that the work is properly cited. For commercial re-use, please contact 

https://doi.org/10.1371/journal.pone.0027597
https://doi.org/10.1007/s00374-008-0279-1
https://doi.org/10.1016/j.scitotenv.2018.04.143
https://doi.org/10.1371/journal.pone.0231271
https://doi.org/10.1007/s00253-014-5838-9
https://doi.org/10.1016/j.soilbio.2009.07.012
https://doi.org/10.1007/s00248-015-0567-x
https://doi.org/10.1111/gcb.13430
https://doi.org/10.1039/c6ra18017e
https://doi.org/10.1128/.61.4.533-616.1997
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:journals.permissions@oup.com

	Introduction
	Freshwater, slightly saline, and marine coastal environments
	Coastal hypersaline environments
	Conclusions
	References

