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Abstract

As the association of denitrification with global warming and nitrogen removal from ecosystems has gained attention in recent
decades, numerous studies have examined denitrification rates and the distribution of denitrifiers across different environments. In
this minireview, reported studies focused on coastal saline environments, including estuaries, mangroves, 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. However, few works do not support this hy-
pothesis thus making this topic controversial. The specific mechanisms by which salinity influences denitrifier distribution are not
fully understood. Nevertheless, several 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 predominantly in hypersaline environments. Moreover, the approaches used by different researchers are quite different, re-
sulting in a huge amount of unrelated information, making it difficult to establish comparative analysis. The main techniques used
to analyse the distribution of denitrifying populations along salt gradients have been also discussed.
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Introduction

Denitrification is the most energetically favourable respiratory
pathway in the absence of oxygen, where nitrate (NO5; ) is sequen-
tially reduced to nitrite (NO, ™), nitric oxide (NO), nitrous oxide
(N,0), and dinitrogen (N3), through a sequence of electrochemical
gradient and a series of oxidoreductases (Fig. 1) (Richardson 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 NOs~ and NO,~, O, solu-
bility, temperature, or pH (Kaplan 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 (Ardén et al. 2018).

Saline and hypersaline environments are found worldwide.
Among them, are oceans, salty lakes and lagoons, saline estuar-
les, and salty ponds (Oren 2002, Andrei et al. 2012, Fu et al. 2019).
Moreover, sea level rise has already caused marine salt increases
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 level rise will increase from current rates of 2.2-3.6 mm
year—! up to 15.6 mm year~! by 2100 (Stocker et al. 2013). Further-
more, salinization together with desertification are a global prob-
lem that affects soil parameters and structure. Moreover, these
ecosystems are increasing in size and prevalence (Feng and Fu
2013, Torregrosa-Crespo et al. 2018).

Denitrification per se is an essential metabolic pathway driven
by microorganisms in these ecosystems as it allows cellular res-
piration in the absence of oxygen even though implies the loss
of N-fixed. However, in the last decades, this metabolic pathway
has become even more relevant because anthropogenic activities
currently lead to the contamination of saline systems by NOs3~
and NO, ™~ (Martinez-Espinosa et al. 2007, Martinez-Espinosa et al.
2011, Ochoa-Hueso et al. 2014, Torregrosa-Crespo et al. 2018). Den-
itrification is with nitrification, the main biological sources of ni-
trous oxide emission. N,O is an intermediate of the denitrifica-
tion process and can be the final product in partial denitrifica-
tion carried out by bacteria and archaea. It is worth noting that
a large percentage of haloarchaea, considered the most repre-
sentative group of microorganisms in hypersaline environments,
carry out partial denitrification (releasing NO or N,O into the at-
mosphere). This characteristic has led to the identification of hy-
persaline ecosystems as a potential source of nitrogenous gases
(Miralles-Robledillo et al. 2021). This, together with the expansion
and prevalence of saline environments, means that denitrification
in this kind of ecosystem deserves to be studied in depth.

The research studies that relate denitrification and salinity are
numerous, but the approach used to analyse this relationship is
quite different, resulting in a huge amount of unrelated informa-
tion: on the one hand, there are studies focused on denitrification
rates, which quantitatively measure the loss of nitrogen from the
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Figure 1. Summary of reactions and enzymes involved in the denitrification process. The complete reduction of nitrate to dinitrogen is driven by
metalloenzymes nitrate reductase (NarGH: membrane-bound nitrate reductase; NapAB: periplasmic nitrate reductase), nitrite reductase (NirkK:
copper-containing nitrite reductases; NirS: cytochrome-cd1-dependent nitrite reductases), nitric oxide reductase (gNor: quinol dependent nitric oxide
reductase; cNor: short-chain respiratory nitric oxide reductase; CuaNor: copper-containing nitric oxide reductase), and nitrous oxide reductase (NosZ).

habitat by denitrification, using, e.g. the isotope N (Hou et al.
2013); on the other hand, there are molecular studies to quan-
tify the abundance and diversity of denitrification related genes
or denitrifying microorganisms under salinity conditions (Lay et
al. 2013, Lee and Francis 2017).

In this sense, because the metabolic potential for denitrifi-
cation is widespread among many phylogenetically unrelated
groups, a 165 rRNA-based approach or 16S rRNA analysis methods
have never been appropriate to study denitrifying communities
(Francis et al. 2013). Instead, the functional genes encoding key
metalloenzymes in the denitrification pathway have proven to be
useful molecular markers for denitrifying organisms; particularly,
nitrite reductase (NiR), which catalyses the first committed step
to a gaseous product (Zumft 1997). The choice for nirS or nirk as
molecular markers is strengthened by the fact that the main dif-
ference between true denitrifiers and other microorganisms with
NOs~-reducing activity is that the first group has two different
types of enzymes, a cytochrome cd1-containing nitrite reductase
encoded by nirS (cdNir) or a Cu-dependent nitrite reductase (Cu-
Nir) encoded by nirK (Zhou et al. 2016). For this reason, genes nirk
and nirS have been proven useful molecular markers to resolve
the structure of denitrifying communities in most environments
(Zhou et al. 2016).

Considering the rising relevance of arid and saline habitats in
the world and the role that denitrification plays in the nitrogen
biogeochemical cycle globally and in particular in saline ecosys-
tems, this review aims to summarize and update the information
available on this metabolic pathway in different coastal ecosys-
tems where the presence of salts is relevant: from coastal envi-
ronments with marine influences, such as estuaries, bays, or man-
groves, to coastal environments with extreme concentrations of
salts: the so-called hypersaline environments.

Freshwater, slightly saline, and marine
coastal environments

During the last decades, rapid industrialization, massive fertiliza-
tion of crops and urbanization have produced huge amounts of
NO5;~, NO;,~, and NH4* reaching coastal regions, which has al-
ready exerted a serious threat to the environmental quality of
estuarine and coastal environments, intensifying eutrophication
(Cheung et al. 2003, Seitzinger 2008). Although denitrification in-
volves a loss of available nitrogen in the ecosystem, it also works
as a sink for the excessive N load that these habitats could accu-
mulate due to anthropogenic activities. In estuarine sediments,
denitrification can remove more than 50% of the NOs~ from the

water column, hence the relevance of denitrification in coastal
environments, playing a key role in ameliorating the degree of eu-
trophication (Seitzinger et al. 2006, Caffrey et al. 2007, Gruber and
Galloway 2008, Francis et al. 2013).

Estuaries

Estuaries are ecosystems where a freshwater river or stream
meets the ocean. When freshwater and seawater combine, the
water becomes brackish, or slightly salty. In these ecosystems, itis
estimated that denitrification contributes up to 93.4% to the total
nitrogen loss while anammox was much less quantitatively signif-
icant (Zheng et al. 2015). In fact, the rate of denitrification in sed-
iments has been significantly higher than those in other kinds of
natural environments (Devol 2015), making estuarine sediments
significant players in the removal of reactive nitrogen (Hong et al.
2019). For this reason, it is critical to understand the community
dynamics and distribution of the underlying denitrifiers in estu-
arine sediments.

One of the most studied ecosystems as an estuary model for
denitrification is the Yangtze estuary, belonging to the Yangtze
River, the longest in China and the whole of Asia. This river has
been receiving an increasing load of anthropogenic nitrogen from
fish farming, agricultural activities, and both industrial and do-
mestic wastewater discharge, which has resulted in severely eu-
trophic status in the estuarine and adjacent coastal areas (Chai
et al. 2006). Furthermore, due to these activities, it has been esti-
mated that denitrification contributed 87.1% to 93.4% to the total
N loss from intertidal sediments of the estuary based on previous
experiments (Hou et al. 2013).

In the study of Zheng et al. (2015), surface sediments samples
were collected from seven representative sites from the intertidal
flats along the Yangtze Estuary to investigate the diversity, compo-
sition, and abundance of denitrifiers based on the nirS gene and to
explore potential links of these communities to estuarine environ-
mental variables, especially the salinity (concentrations between
0 and 20 ppt). The results showed that the highest nirS biodiversity
(based on nucleotide sequence) was observed at the lower salin-
ity concentration (0-1.5 ppt), while the lowest value occurred at
the higher salinity site (10-20 ppt). In terms of quantification, the
abundance of nirS-harbouring denitrifiers was significantly higher
at the lower salinity sites (6.37 x 10°-9.00 x 10’ copies g~* sedi-
ment) than at the higher salinity sites (1.01 x 10°-7.50 x 10° copies
g~! sediment; p < .05). Overall, the results indicated that nirS-
harbouring bacterial community structures in the sediments of
the Yangtze Estuary (in terms of nirS biodiversity) correlated sig-
nificantly with salinity (p = .002). In fact, of all the environmental



parameters investigated (temperature, NH; ", NOs~, and NO, ~, to-
tal phosphorous, organic carbon, and sediment mean size), only
salinity showed a significant correlation with the nirS gene diver-
sity (r = —0.549; p = .042; n = 14) (Zheng et al. 2015). This trend
was consistent with the previous results 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
Zhenget al. (2015), but in this case, the authors analysed the com-
munity composition and distribution of the nosZ gene by high
throughput sequencing and g-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 were observed to decrease with the increase in salinity
level (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. However, the community structure 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 was shown to be significant in driving the shift of community
structure of nirS-denitrifiers [Shannon index was positively corre-
lated with it (p < .01, R = 0.507)], although pH was the most sig-
nificant environmental parameter influencing community 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-
tive correlation with salinity. Probably, this is because the salinity
gradient explored in the Xie et al. (2020) study was higher (0-294.5
psu), whereas in the study of Wang et al. (2019a) was narrower
(24.1-34.5 psu).

The abundance of nirS-type bacteria in the sediments showed
significant spatial variations: vertically in each sediment core, the
abundance of the nirS gene decreased gradually from the surface
to the bottom layer. The abundance of the nirS gene ranged from
1.70 x 10° to 3.63 x 10® copies g~! in the sediments, similar to
those observed in a subtropical estuary in Mexico (Bahia del To-
bari), which had 2.72 x 10°-8.82 x 10’ copies g~! (Beman 2014).
The average values of abundance were 1.11 x 10% copies g~* and
2.14 x 107 copies g~* in surface and bottom sediment, respectively.

However, despite these differences, the potential rates of den-
itrification were not significantly different and there was no cor-
relation between microbial 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 researchers did not target the
nirK encoding gene in the study (Zheng et al. 2015). This trend has
been followed 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 agriculture and improper disposal of wastewater con-
tribute > 3 x 10° 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-
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bution patterns of nirS-harbouring denitrifiers across the salinity
gradient of the Indus estuary. For this purpose, 12 samples from
different areas of the estuary were collected and analysed. The
physicochemical properties of the samples, as well as denitrifi-
cation rates and nirS abundance, were measured in each sam-
ple (Fozia et al. 2020). The results showed that the biodiversity
of nirS-harbouring denitrifiers obtained in the Indus River estu-
ary was similar to that obtained in other environments (such as
the Chesapeake Bay estuary) (Francis et al. 2013), and that the nirS
gene diversity showed nonsignificant-spatial-differences between
freshwater, low salinity and high salinity sampling sites (one-way
ANOVA, p > .05), compared to previous studies. The analyses also
displayed that the denitrifier communities from the Indus River
were divided into two phylogenetic groups: group I was retrieved
in the high-salinity sediments (16-36 ppt) and group II was recov-
ered in the low-salinity and freshwater sediments (0-15 ppt). This
distribution suggests that, as in the Yangtze estuary, salinity is
an important factor in the distribution of denitrifier communities
(Zheng et al. 2015). Furthermore, the abundance of the nirS gene
was reported to range from 5.3 x 10° to 2.5 x 10° copies g~! dry
sediment, which is also very similar to the quantified abundance
in the Yangtze River estuary, and the Bahia del Tobari estuary, but
significantly higher than the found in the Laizhou bay sediments
(Beman 2014, Zheng et al. 2015, Fozia et al. 2020). Finally, deni-
trification rates in the Indus River estuary were estimated in the
range of 0.01-6.27 pumol N kgt h~?, stating that denitrification
contributes to 78.1% of the total nitrogen loss in the marsh sedi-
ments of this estuary (Fozia et al. 2020).

Some studies have attempted to identify differences in the eco-
logical niches occupied by nirS and nirkK-harbouring bacteria in es-
tuarine ecosystems, resulting in a more precise description of the
denitrification capacity as both versions are usually present: this
is the case of the work conducted by Lee and Francis (2017). The
location studied was the San Francisco Bay estuary, which is the
largest on the west coast of the USA. It has long been an ecosystem
subject to anthropogenic change: the greatest sources of nitro-
gen are agricultural return flow drains and municipal wastewater
treatment facilities (Hager and Schemel 1992).

The study showed that nirS was consistently more abundant
than nirK in all samples: nirS abundances ranged from 1.2 x 107
to 2.9 x 108 copies g-! while nirK abundances ranged between
5.9 x 10° and 1.8 x 10° copies g~! sediment. These measurements
agreed with results from studies in other estuaries, such as Chesa-
peake Bay (Bulow et al. 2008), Colne Estuary (Smith et al. 2007),
and Elkhorn Slough (Smith et al. 2014) and also in previous stud-
ies in San Francisco Bay (Mosier and Francis 2010). Reports of nirk
abundance in estuaries are scarce, but the few studies focused on
it yielded abundance results between 10% and 10’ copies g~* sed-
iment (Abell et al. 2010, Smith et al. 2014). In general, when both
genes have been quantified, nirK is at least one order of magnitude
less abundant than nirS or it is not even detectable (Nogales et al.
2002, Lee and Francis 2017). Furthermore, studies that consider
nirK quantification, have been restricted by the specificity of the
PCR primers to detect only cluster I-type nirK, hence the abun-
dance of nirk communities would be higher (Mosier and Francis
2010, Wei et al. 2015, Helen et al. 2016).

Also, to understand how environmental factors might affect
the variations in gene abundances, nirK and nirS relative abun-
dances were studied in connection with NOs;~ concentrations,
temperature, and salinity, among others. In the case of salinity,
nirk showed a significant negative effect (p = .004). However, one
of the most remarkable findings of this study is the identification
of an abundant group of nirK-harbouring microorganisms that
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seems to be preferentially abundant in high-salinity regions of
the estuary (around 30 psu). Many studies have found nirK genes
and transcripts to be in low abundance or entirely undetectable in
saline environments (Mosier and Francis 2010, Francis et al. 2013,
Smith et al. 2014).

In terms of diversity, nirKk communities were markedly site-
specific: several clades appeared to be endemic to a few sites of
the study and most of them showed high similarity to those found
in estuarine and marine sediments such as Chesapeake Bay (For-
tunato et al. 2009) or South China Sea subseafloor sediment (Li et
al. 2013). The most closely related sequences from cultured den-
itrifiers isolates were all Alpha-, Beta-, or Gamma-proteobacteria. Of
great interest is that 215 of nirK sequences fell into a single group
of ‘high salinity’ clades, sharing 85% nucleotide identity on aver-
age, and branched deeply from the rest of the tree. The closest
matches were other sequences from San Francisco Bay sediment,
from high salinity sites in San Francisco Bay and the South Bay
(Mosier and Francis 2010). However, no published sequences from
cultured representatives fell within this group. Despite their high
divergence from other nirK sequences, the sequences in the high-
salinity clade all shared the conserved region surrounding the cat-
alytic histidine typically associated with type I Cu-Nir.

In the case of nirS, most sequences fell into a large clade that
includes sequences from cultured Beta- and Gamma-proteobacteria.
However, in contrast to nirK phylogeny, site specificity was less ap-
parent in nirS phylogeny. Most of the clades were closely related to
uncultured sequences from coastal and estuarine sediments such
as the Jiazhou Bay (Dang et al. 2009) and the Arabian Sea (Yoshida
et al. 2009).

Another interesting study, i.e. worth mentioning was carried
out along the Columbia River, where five sampling points were
analysed by metagenomics and metatranscriptomics techniques,
including samples from the river, the estuary, the plume, and the
ocean (Fortunato and Crump 2015). A dramatic change in micro-
bial community composition from the river to the ocean was ob-
served from the taxonomic profiles of 16S sequences identified
in the metagenomes. Actinobacteria and Betaproteobacteria de-
creased across the salinity gradient. Gammaproteobacteria, espe-
cially the family Oceanospirillales, increased from the river to the
ocean. Overall, the metagenomes from the different samples were
highly similar across the salinity gradient, with an average Bray-
Curtis similarity of 82% based on the normalized abundance of
COG functions. However, the metatranscriptomes were less simi-
lar. The average similarity was only 31%. Metatranscriptomic data
revealed that denitrification gene expression (napA, narG, nirk,
norB, and nosZ) was increased in the samples from the estuary
and that the narG gene was also highly expressed in the river and
coastal ocean (Fortunato and Crump 2015). In the end, despite the
taxonomic differences between samples, no relationship between
denitrification and salinity was found, probably due to the simi-
larity in the functionality of the communities found. The authors
of this study suggested that these similarities are due to a combi-
nation of factors such as the rapid movement of the river and the
similarity of conditions between samples in terms of oxygen and
dissolved organic carbon (Fortunato and Crump 2015).

Mangroves

Mangroves grow in the coastal sediment habitats at transition
zones between terrestrial, freshwater, and oceanic environments
in tropic and subtropic regions (Bai et al. 2013).

They play an important role as hotspots, transforming and re-
moving nutrient compounds (Bouillon et al. 2008, Pennings 2012).

One of the most important characteristics of these ecosystems is
that they are subjected to tidal action, which causes large changes
in different parameters such as salinity, water temperature, and
oxygen level, increasing the complexity of their study. The study
of the mangroves is particularly important, as the total area of
these habitats is declining by 1%—2% by year and is predicted to
disappear in the next century if the actual rate of decline contin-
ues (Duke et al. 2007, Giri et al. 2011).

It is believed that nitrogen removal in mangrove wetlands is
primarily dependent on aerobic nitrification and anaerobic deni-
trification by microorganisms (Fu et al. 2019). Many efforts have
focused on how denitrifying communities respond to the salinity
elevation in coastal, yet the answer remains ambiguous (Marton
et al. 2012, Xie et al. 2014, Sheng et al. 2015).

Xiao et al. (2018) investigated seawater-groundwater exchange
rates and inorganic nitrogen concentrations along a shore-
perpendicular intertidal transect in a subtropical mangrove
swamp. Swamps are areas where water is collected and one of
their characteristics is that oxygen concentration is usually low;
in this study, three hydrologic subzones were sampled (tidal creek,
mangrove, and bare mudflat zones) in Daya Bay, China. Results
showed that denitrification accounted for 90% of the total nitro-
gen loss, and anammox accounted for the remaining 10%. Specif-
ically, the highest potential denitrification rates were measured
at 9.16 nmol N g=* h=! in the surface sediment of the core (SCS)
obtained in the mangrove zone of the transects, which was about
eight times higher than that at the surface sediments taken from
the mudflat zone. Also, SCS had the highest abundance of nirS
gene at 2.65 x 107 copies g~!, much higher compared to the bot-
tom part of the sediment core (SCB; 5.95 x 10° copies g~1). Al-
though denitrification, generally, is an anaerobic process, the high-
est rates were measured on the surface of the sediments, where
the oxygen concentration was higher than in the lower part. Thus,
denitrifiers exhibited higher activities on the surface where the
substrate (e.g. organic matter and NOs~) was sufficient (Xiao et
al. 2018). This study suggests that nitrification may be coupled
with denitrification in the sediments. The need for a minimum
oxygen concentration to carry out this metabolic pathway can-
not be ruled out as has previously been proposed (Torregrosa-
Crespo et al. 2020a). Although denitrification was initially de-
scribed as an anoxic metabolic pathway, aerobic denitrification
is also suitable for several bacterial species as it has been ex-
tensively reported during this century (Kim et al. 2008, Hao et al.
2022).

Another type of test, i.e. carried out for the study of environ-
mental factors on the N-cycle, especially salinity, is those that use
small-scale experimental vertical flow constructed wetland sys-
tems. Fu et al. (2019) constructed mangrove wetlands by plant-
ing the salt-tolerant mangrove species Kandelia candel to inves-
tigate the influence of salinity fluctuations on the denitrifica-
tion performance and denitrifying microbial community (Fu et
al. 2019). On the one hand, a significant negative correlation be-
tween salinity and NOs;~-N removal was observed (r = —0.983;
p = .019): at salinity levels below 0.9%, the constructed wetlands
could remove NO3~-N with efficiencies of 59 + 22%, while at a
salinity of 1.8%, the NO;~-N concentration of the effluent was
even higher than that of the influent (1.42 mg 17 vs. 1.27 mg
171) (Fu et al. 2019); on the other hand, when salinity increased
(from 0% to 1.8%), the abundance of the nirS gene decreased from
2.82 + 1.63 x 107 copies g~* to 1.52 4 1.23 x 10, showing a neg-
ative correlation between the two data (r = —0.743; p = .016).
Furthermore, there was also found a significant negative corre-
lation between salinity and the total nitrogen removal rate (r =



—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 mangrove habitats, mainly
through laboratory 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 average N,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 lower in 30-ppt sam-
ples compared to the other samples on day 28, while there was no
significant change in nirS abundance. Also, on day 28, the nirK/nirS
ratio was significantly greater 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
nitrogen-fixing increased with the depth of mangrove 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 mangrove 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-
grove forest and mudflat. 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 mangrove habitat specificity (Li et al.
2020).

Aswell, Franklin et al. (2017) reported a positive relationship be-
tween salinity and denitrifier abundance in tidal wetlands of Vir-
ginia (USA) showing a greater abundance of nirS denitrifiers than
nrfA DNRA microorganisms.

Several papers reported that salinity negatively affected den-
itrification activity, the abundance of denitrifiers, and the com-
munity composition, as mentioned above. These data are in con-
cordance with the idea that denitrification is negatively 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). Many mechanisms 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-
crease nitrate availability, limiting denitrification (Giblin et al.
2010). However, some research reflects the contrary, 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 lower solubility of oxygen
in salt water, which forces microorganisms to perform alterna-
tive respiration, such as denitrification (Miralles-Robledillo et al.
2021).
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Coastal hypersaline environments

Hypersaline environments are in general worst described in terms
of microbial biodiversity and denitrification than other geograph-
ically closed related ecosystems. A quick comparison using the
database Web of Science demonstrates the differences in the
number of publications by year in the three habitats analysed
in this minireview (Fig. 2). The highest number of publications
in the last 20 years corresponds to estuaries being the best-
characterized ecosystems, followed by mangroves. However, the
number of publications for hypersaline (not only coastal) environ-
ments is the lowest. Among the best-described hypersaline envi-
ronments, the following examples could be highlighted.

The lost Hammer Spring comprises a cryoenvironment located
on Alex Heiberg Island (Canada) and it is characterized by sub-
zero temperatures, high salt concentration (25%), and oligotrophic
(6.87 mg kg! of ammonia), microoxic (0.1-1 ppm), and reducing
(=165 mV) conditions (Lay et al. 2013). Metagenomic and pyrose-
quencing analyses of the cDNA of its 16S rRNA genes were per-
formed to determine the genetic and functional microbial com-
ponents. Some genes involved in denitrification were detected,
including narG, nirS, and nosZ. Surprisingly, any nitric oxide re-
ductase read was found in the study (Lay et al. 2013). The taxo-
nomic profile for each denitrification-related enzyme was highly
different. Sequences related to Psychrobacter spp. and Nostoc spp.
were the most important genera detected for narG, and Flavobac-
terium spp. and Kangiella spp. were the predominant genera con-
taining nirS, whereas the nosZ gene was very restricted to deltapro-
teobacteria, especially Campylobacter spp. Although denitrification
rates were not measured in the study, denitrification reads from
metagenomic data were higher than nitrification and ammonifi-
cation (Lay et al. 2013).

Desnues et al. (2007) performed a seasonal study to analyse the
distribution of denitrifying and bacterial communities in a pre-
concentration pond of the Salin-de-Girauds salterns in Camar-
gue (France) (Fourcans et al. 2004, Desnues et al. 2007). In the
study, mat samples were collected in May 2000, January 2001, and
June 2001. The salinity of the overlying water in each sample was
130 psu, 95 psu, and 120 psu, respectively (Fourcans et al. 2004,
Desnues et al. 2007). Denitrification rates according to N,O pro-
duction rates were similar in the three seasonal samples reaching
values of 0.63 + 17 mmol Nm=2d~?%,0.67 + 0.09 mmol Nm~2 d-1,
and 0.88 + 0.3 mmol N m~? d~!, respectively. Additionally, in each
sample, denitrifying populations were analysed, comparing DGGE
patterns of 16S and nirS, and nirK genes, according to the depth
of microbial mat and fluctuating parameters. The DGGE nirS pat-
tern reported spatial and temporal changes according to depth
and season and the nirS denitrifying community showed a signif-
icant change (R = 0.4749, p = .0028) comparing oxic and anoxic
zones of the mat. On the one hand, the nirS community structure
was significantly affected by environmental parameters (oxygen,
pH, and sulfur) and preferentially deeply located in the perma-
nent anoxic zone of the mat. On the other hand, nirK populations
reported a differential change between oxic and anoxic zones, pre-
dominating in the upper layer of the mat with a large variation of
physicochemical parameters. From an ecological point of view, the
nirk microbial community seems to be greater adaptable (Desnues
et al. 2007).

Another studied hypersaline ecosystem is the Ria Lagartos la-
goon, which is an estuary within a protected environmental re-
serve on the northern coast of Yucatan (Mexico). This lagoon is
under the effect of low precipitations and high evaporation, which
produces eutrophication and an increase 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, mangroves, and estuarine ecosystems. (A) Number of publications by year about denitrification in mangroves. The search equation
utilized to obtain the data was: estuarx AND denitrification (Topic). (B) Number of publications by year about denitrification in estuaries. The search
equation utilized to obtain the data was: mangroves AND denitrification (Topic). (C) Number of publications by year in hypersaline habitats. The
search equation utilized to obtain the data was: hypersalinx AND denitrification (Topic).

nitrogen (N) and phosphorus (P) in the area, as well as variations
in salinity levels during the year (Valdes and Real 2004, Perry et
al. 2010). Regarding these variations and the pressure of human
activities, the aim of this study carried out by Valdes and Real
(2004), was to determine the nitrogen and phosphorus balance
and fluxes between the water column and the sediments of the
lagoon.

For this study, 30 stations were sampled along the lagoon, and
they were characterized by physicochemical analyses. Denitrifi-
cation was detectable in all samples with values around 50 pmol
m~2 h~! and two stations above 100 umol m=2 h~! (47.4 umol m~—2
h~! on average) and salinity was measured ranging from 60.05
to 147.52 psu (Valdes and Real 2004). The correlation between
denitrification and salinity was not mentioned in the study, but



it is stated that the total N in the sediments showed lower 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 pmol m~2 h~' on average) were
three times lower than the nitrification rates (150.5 umol m~2 h=*
on average) and the average ammonium release (250 pumol m~2
h~! on average) was almost twice the average 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. Moreover, the measured concentrations of or-
ganic matter (3.73% + 1.65%), total nitrogen (99.14 + 62.73 umol
g~1), and phosphorus (4.42 4+ 1.82 umol g~') 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 extensively described in vitro to character-
ize the enzymes involved and the pathway (Torregrosa-Crespo et
al. 2020b, Lled6 et al. 2004, 2020a, Miralles-Robledillo et al. 2023).
This lack of knowledge should be considered to encourage new
research focused on the nitrogen fluxes in these extremophilic
ecosystems. Recent bioinformatic research about the most preva-
lent microorganisms in hypersaline habitats, the haloarchaea
(Halobacteria class), analysed the denitrification capacity of these
microorganisms by looking for denitrification genes in all the
available haloarchaeal 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,
Torregrosa-Crespo et al. 2018, Miralles-Robledillo et al. 2021). Re-
garding this, it was studied if these microorganisms carried a par-
tial or a complete denitrification apparatus. The results showed
that 70.5% of the reviewed species have the potential capabil-
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 key enzymes involved in denitrification indi-
cates the importance of this process in ecosystems with low oxy-
gen availability, such as hypersaline coastal environments. More-
over, it was also found that in this class of microorganisms, the
denitrifiers whose theoretical end product is nitric oxide repre-
sent 12.8% of the total potential denitrifiers, whereas species in
which denitrification end product would be nitrous oxide repre-
sent 46.5% (Miralles-Robledillo et al. 2021). Thus, 59.3% of the po-
tential haloarchaeal denitrifiers can emit greenhouse gases into
the atmosphere (Miralles-Robledillo et al. 2021). It is important to
note that all archaea inhabiting hypersaline environments are the
prevalent microorganisms 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 minireview, it can be summarized that NirS and NirK
showed 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.
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Conclusions

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

The prevalence of nirS or nirK denitrifiers in ecosystems is still
a matter of debate. In general terms, there is a correlation be-
tween salt concentration and type of Nir abundance (Santoro et
al. 2006), which indicates some kind of specialization of these en-
zymes. Studies in coastal ecosystems along salinity gradient con-
clude that with the increase of NaCl concentration (concentra-
tions around 34.5 g/Kg), the predominant NiR in the microbial
community is NirS (Santoro et al. 2006, Jones and Hallin 2010).
However, in hypersaline environments (concentrations around or
above 300 g 171), the predominant NiR is NirK, found essentially
in archaea species like Haloarcula marismortui, Haloarcula hispanica,
Haloferax mediterranei, or Haloferax volcanii (Miralles-Robledillo et
al. 2021).

This apparent specialization may be explained due to the more
widespread nature of nirS sequences compared to nirk sequences
along salinity gradients. The diversity of genes encoding NirS is
founded in places with low and moderate NaCl concentrations
while nirK-encoding genes are restricted to low salinity points or
hypersaline environments, where the oxygen concentrations are
low (Santoro et al. 2006, Miralles-Robledillo et al. 2021). This is
summarized in Fig. 3. However, some studies reported nirK popula-
tions in the oxic layer with salt concentrations around 95 and 130
psu (Cole et al. 2004, Desnues et al. 2007). Although the prevalence
of nirK in oxic layers is questionable, there is evidence of denitrifi-
cation rate measurements in oxygenated microniches (Kim et al.
2008, Marchant et al. 2017, Hao et al. 2022).

The supposed advantage of NirK communities to the NirS at the
highest salt concentrations might reside because of the different
chemical structures of both enzymes, which determines the re-
dox potential of the reactions catalysed in both cases. The first
has copper centres with higher reducing power than the heme
group of the cytochromes of NirS. This feature could explain the
prevalence of NirK in environments whit low oxygen solubility
and high reducing power like hypersaline habitats. Nevertheless,
at the time of writing this work, there is no scientific evidence that
verifies this hypothesis.

In this minireview, different research articles with different ap-
proaches have been analysed for all ecosystems. However, there
are limitations in some of them that result in missing informa-
tion that could be valuable for a better understanding of N fluxes
and the importance of denitrification in these coastal ecosystems.
Some studies only are focused on the measurements of physico-
chemical parameters (denitrification rates, total nitrogen...) and
others only on the distribution or expression pattern of a specific
type of enzyme (NirK/NirS/NosZ). Especially, a great part of the
studies are focused only on the distribution of the nirS gene. Only
analysing the distribution of a gene lead to an important loss of
information because the presence of a gene does not necessar-
ily mean that denitrification is happening in that ecosystem. This
only confirms that are microorganisms with denitrification capac-
ity. However, other articles integrate all these data using metage-
nomics, providing more details on what is happening with the mi-
crobial community in that specific sampling point. The different
methods used in these articles are listed in Table 1. In summary, to
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Table 1. Summary of the advantages and disadvantages of three main techniques used in microbial population studies.

Techniques Advantages Disadvantages References
Physicochemical -Fast measurements. It does -Radiolabelling could be Valdes and Real (2004), Wong et al. (2008),
measurements not need a meticulous hazardous Giblin et al. (2010), Marton et al. (2012), Hong
handling -Specific kits for et al. (2019)
radiolabelling
It does not give molecular
information
g-RTPCR and gPCR - Amplification of specific -Weak or non-hybridization Desnues et al. (2007), Kim et al. (2008),
gene for divergent sequences Ikenaga et al. (2010), Wang et al. (2011), Bai

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

Next-generation
sequencing

-Whole metagenome or
metatranscriptome
sequencing
-It can detect genes with
divergent consensus
sequences
-More information about
other bioprocesses

-Requires optimization of the
reaction (time-consuming)

-Cost of the service/reagents

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),
Liet al. (2020), Luo et al. (2021)

Giri et al. (2011), Lay et al. (2013), Fortunato
and Crump (2015), Wang et al. (2019a), Luo
etal. (2021)

obtain the most valuable data for the study of a specific environ-
ment, metagenomics and physicochemical measurements should
be used together to overcome all the limitations that a study with
a single approach and the use of less efficient techniques such as
g-RTPCR can produce.

Finally, it is relevant to highlight that although denitrifica-
tion has been studied in coastal environments like estuaries or
mangroves, there is a lack of information about how denitri-
fication works in hypersaline environments. There are almost
no studies about denitrification rates and gene abundances in
these areas, most of the research is focused on the descrip-
tion of the microbial diversity of these ecosystems (including the
denitrifying community) (Han et al. 2017, Kimbrel et al. 2018,
Pavloudi and Zafeiropoulos 2022). However, only by investigat-
ing the community we are missing relevant and sensitive in-
formation regarding the increase of hypersaline environments
and their relationship with NO and N,O emissions (Miralles-
Robledillo et al. 2021). Therefore, looking at the information
available, more efforts should be made to understand denitri-

fication in these extreme environments and how salinity gra-
dient changes microbial population and denitrification capac-
ity. Moreover, considering that some halophilic microorganisms
have been proposed as good bioremediation agents for nitrate
and nitrite removal in saline waters (Martinez-Espinosa et al.
2007).
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