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Abstract
Background Replacing synthetic fertilizers by bio-
logical nitrogen fixation (BNF) is regarded as an
environmental ly sound pract ice, but some
diazotrophic bacteria are capable of emitting
N2O by denitrification. The ability to use nitrate
represents an ecological advantage for the surviv-
al of some microorganisms under O2-limiting
conditions, but may contribute to increased N2O
emissions.
Scope The importance of denitrification performed by
N2-fixing bacteria used as inoculants in South America
is discussed, especially the possibility of these
bacteria act as N2O source or sink.

Conclusions There is no doubt of the importance of
BNF as a sustainable N source for plants. Through
genome investigation, we demonstrated that some
strains widely used as inoculants for BNF harbor the
entire denitrification pathway to reduce nitrate to N2.
Others contain none, or only some of the denitrification
genes, resulting in complete absence of denitrification or
production of intermediates such as NO2

−, NO or N2O.
Evidence of differential effects of bacterial strains on
soil N2Owere reported, but more studies are still needed
to affirm crop inoculation can be a driver for source or
sink of this gas. Finally, considerations were made about
BNF as an indispensable resource to indirectly mitigate
greenhouse gas emissions in agroecosystems.
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Introduction

Nitrogen (N) is one of the most limiting nutrients for
agriculture and for primary production in natural envi-
ronments. The biggest reservoir and source of N for the
biosphere is the atmosphere, where molecular nitrogen
gas (N2) accounts for approximately 78% of its compo-
sition, although in this form it is largely inert. Nitrogen
is converted into reactive forms through biological N2

fixation (BNF), industrial production of fertilizers and,
to a lesser extent, via lightning and combustion process-
es (Fowler et al. 2013). Annual inputs are estimated to
be over 400 million tons of N shared between 35% to
marine and 65% to terrestrial ecosystems. Biological
nitrogen fixation corresponds to about 63% of the whole
N input (Fowler et al. 2013).

For all eukaryotes and for the majority of prokaryotic
organisms, atmospheric N2 is a stable and very
unreactive gas unavailable as a direct source of N. On
the other hand, a specific group of prokaryotic organ-
isms, called diazotrophs, has the capacity to reduce N2

to ammonia and make N biologically available by BNF.
This process is of major importance in the natural N
cycle and has a strong positive contribution to agricul-
tural productivity in many agroecosystems, especially in
tropical/sub-tropical conditions.

Nowadays, inputs of N into agricultural systems,
especially using human-managed legumes, is estimated
at about 40 Tg N yr–1. (Galloway et al. 2008; Kirchman
2011) or from 50 to 70 Tg N yr−1 if non-legume N2-
fixation is also considered (Herridge et al. 2008). Addi-
tionally, another 120 Tg N yr–1 are introduced into agri-
cultural systems in the form of fertilizers (mineral N)
produced via the industrial Haber-Bosch process
(Galloway et al. 2008; Kirchman 2011).

Both BNF and N fertilizers are responsible for in-
creased availability of organic and/or inorganic
biologically-accessible N in soils. The excess of reactive
forms of N (such as nitrate – NO3

−, nitrite – NO2
−,

ammonia –NH3; and ammonium –NH4
+) presents risks

to the environment, both via contamination of water
through leaching (especially in the case of NO3

− and
NO2

−) and because chemical conversions of N com-
pounds may lead to the production of the powerful
greenhouse gas nitrous oxide (N2O). This gas has

increased in atmospheric concentration at a rate of
0.73 ppb yr–1 over the last three decades and has a global
warming potential approximately 300-fold higher than
that of CO2 on a mass basis (Ciais et al. 2014). Since the
pre-industrial period, atmospheric concentrations of
N2O have increased 20% to 325 ppb in 2012 (WMO
2014).

In addition to BNF, N participates in diverse bio-
chemical reactions in the soil. The N cycle can be
generally divided into the following processes: N2 fixa-
tion and incorporation into plant tissues; mineralization
(ammonification), which represents the decomposition
of organic molecules to form mineral N substances,
mostly NH4

+; the anaerobic oxidation of NH4
+

(anammox) with N2 as the final product; nitrification,
which is the process by which NH4

+ is oxidized to NO2
−

and NO3
−; and denitrification, by which NO2

− and
NO3

− are reduced to N2, with NO and N2O as interme-
diate products, enabling the return of N to the atmo-
sphere (for a complete review see Kirchman 2011).

The use of diazotrophic bacteria as crop inoculants has
been a successful strategy recommended for use in agri-
cultural systems to meet crop demands, and to reduce N
losses through leaching and emission of nitrogen oxides
to the atmosphere (Jensen et al. 2012). In Brazil, the use
of seed inoculation of several crops with diazotrophic
bacteria is a policy encouraged by the federal government
to mitigate greenhouse gases and it is recognized as an
environmentally friendly technology (Brasil 2012). In
Brazil, it is estimated that inoculants are applied on over
40million ha per year, of which approximately 35million
ha correspond to soybean. Inoculation with diazotrophic
bacteria is also disseminated in Argentina, being per-
formed in about 19 million ha per year, 17.5 Mha for
soybean. Hence, Brazil and Argentina together are apply-
ing diazotrophic-bacteria-based inoculants on an area
close to 60 million ha every year. The economic savings
in terms of fertilizer N equivalents achieved with the use
of BNF in Brazil exceed 12 Tg of mineral N per year
(Hungria and Mendes 2015).

Diazotrophic bacteria perform BNF through the ni-
trogenase enzymatic complex, but in common with
several other bacteria, they may also have the ability to
reduce NO3

−, using it as a final electron acceptor instead
of oxygen to obtain energy under anaerobic conditions
(O'Hara and Daniel 1985; Kloos et al. 2001; Inaba et al.
2012; Itakura et al. 2013; Bedmar et al. 2013). In eco-
logical terms, this ability to use NO3

− in substitution of
oxygen is considered an adaptive advantage, since it
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may allow these bacteria to survive and grow in anaer-
obic conditions, for example under flooding (Lecomte
et al. 2018, Zumft 1997). On the other hand, there is
great interest in the denitrification process because it is
the main process of N loss from the soil to the atmo-
sphere as N2, with the formation of NO and N2O as
intermediates, both presenting ozone depleting potential
and in the case of the latter, the atmospheric greenhouse
effect.

The objective of this review is to discuss the impor-
tance of denitrification performed by N2-fixing bacteria
used as inoculant, with an emphasis on the emission of
N2O in crops inoculated with diazotrophic bacteria.

The denitrification process within an N cycle
perspective

Nitrogen possesses a strong mobility in ecosystems,
capable of changing its ionic state rapidly often within
a few days. Once in the soil, N from different sources
undergoes several chemical and biochemical reactions,
and microorganisms play major roles in these processes.
Part of this N is absorbed and incorporated into the cells
and tissues of living organisms in the form of organic
molecules, such as amino acids, proteins and, nucleic
acids. After being excreted by these organisms or fol-
lowing their death/decomposition, organic N-containing
molecules undergo the process of mineralization culmi-
nating mainly in the production of NH4

+.
Nitrification is an NH4

+ oxidation process, mediated
by chemolithoautotrophic bacteria generating NO2

− and
NO3

− in a two-step process. In the first and rate-limiting
step, NH4

+ is oxidized to NO2
− and in the second, NO2

−

is further oxidized to NO3
−. Oxygen is required for these

reactions and microorganisms may obtain more than
300 kJ of energy mol−1 NH3 after complete oxidation
to NO3

− (Kirchman 2011). NH3 oxidation to NO2
− is

mediated by ammonium oxygenase and hydroxylamine
oxidoreductase, and oxidation of NO2

− to NO3
− de-

pends on the action of nitrite oxidoreductase. It was long
been believed that NH4

+ oxidation always occurred
independently from NO2

− oxidation with NH4
+-oxida-

tion only occurring in some bacteria and archaea, and
NO2

− performed by other bacteria. However, the com-
plete nitrification pathway has been reported occurring
in a single β-proteobacterial species of the genus
Nitrospira (Daims et al. 2001).

Although nitrification has been attributed exclusively
to autotrophic bacteria, heterotrophic bacteria and espe-
cially fungi are also able to perform nitrification of
NH4

+ in soil, using energy obtained from soil organic
matter (Nömmik 1956; Odu and Adeoye 1970;
Laughlin et al. 2009; Zhu et al. 2015). The quantitative
relevance of heterotrophic nitrification is believed to
depend on soil pH, being more important at lower pH
values (Zhang et al. 2011; Stange et al. 2013).

NO3
− and NO2

− originating from nitrification, fertil-
ization or other forms of deposition, are exposed to
chemical transformations or, in the case of NO3

−, to
absorption by plants and microorganisms for their nu-
trition. The principal transformation of these two species
is know as denitrification, and occurs predominantly
under conditions of low oxygen tension when organ-
isms use NO3

− as final electron acceptor in the first step
of a chain of reactions. Although free energy changes
indicate respiration using NO3

− as a final electron ac-
ceptor is energetically almost as efficient as for O2

(ΔG° = −2670 kJ vs. -2870 kJ per mol glucose respec-
tively), actual ATP synthesis in denitrification is much
lower (Strohm et al. 2007). When present, O2 is the
preferred electron acceptor. In summary, denitrification
refers to the dissimilatory reduction of one or both N
ionic oxides (NO3

− and NO2
−) to gaseous nitric oxide

(NO) and N2O or dinitrogen (N2) as possible end prod-
ucts. An equation to describe complete the denitrifica-
tion reaction is:

5 Glucoseþ 24NO3
− þ 24Hþ➔30CO2 þ 12N2 þ 42H2O

The complete process from NO3
− to N2 involves the

following enzymatic reactions, which all occur at the
cytoplasmic membrane or in the periplasmatic space:

NO3
− ➔ NO2

−, mediated by respiratory nitrate
reductase (Nar) or periplasmic nitrate reductase
(Nap)
NO2

−➔NO, mediated by nitrite reductase (Nir)
NO➔N2O, mediated by nitric oxide reductase
(Nor)
N2O➔N2, mediated by nitrous oxide reductase
(Nos)

The conversion of NO3
− to NO2

− in dissimilatory
nitrate reduction can be mediated by respiratory nitrate
reductase (Nar), located at the cytoplasmatic face of the
bacterial inner membrane, or by the periplasmatic nitrate
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reductase (Nap), located at the periplasmatic face
(Sparacino-Watkins et al. 2014). Activity of Nar in-
volves proton translocation across the membrane, gen-
erating an electrochemical gradient to drive ATP syn-
thesis; this does not occur with Nap, which is function-
ally diverse (Sparacino-Watkins et al. 2014).

The second step is mediated by nitrite reductase (Nir)
which acts in the periplasmic space and reduces NO2

− to
NO. NO is converted to N2O through nitric oxide re-
ductase (Nor), an enzyme that acts in the periplasmic
space and N2O is finally reduced to N2 by the enzyme
nitrous oxide reductase (Nos) which also acts at the
membrane level (Robertson and Groffman 2007). Each
of these enzymes is inhibited by O2 and the intermediate
products (NO2

−, NO and N2O) can diffuse from the cells
into the soil, and thus denitrification is an important
source of NO2

− in soils and of NO and N2O emissions
to the atmosphere (Robertson and Groffman 2007).

Although the processes of nitrification and denitrifi-
cation depend on different physicochemical conditions
in the soil, these two processes can occur simultaneous-
ly, with O2 being a major factor in determining the
predominant process (Robertson and Groffman 2007).

Respiratory denitrification is stimulated in the soil
when pore spaces are filled with water, and the propor-
tion of saturated pores is greater than 60% is indicated as
the threshold for starting the process (Davidson and
Verchot 2000; Smith et al. 2003; Pett-Ridge et al.
2006). In swampy and water-logged soils (e.g. under
flooded rice cultivation), the process, in theory, can be
continuous since oxygen diffusion is always low. In-
tense rains (even when they occur occasionally) in ag-
ricultural soils can saturate soil pore spaces and restrict
O2 diffusion, leading to the onset of denitrification
(Smith and Tiedje 1979; Akiyama et al. 2013;
Jørgensen et al. 1998). In certain soil conditions, such
as in soil micro-aggregates and when large amounts of
decomposing litter exist, the demand for oxygen may be
greater than its diffusion, thus facilitating denitrification.
Other situations, such as highly compacted soils, can
also accelerate the denitrification process (Barken et al.
1987; Parkin 1987).

Although respiratory denitrification is a major source
of N2O emitted from soils, depending on the conditions,
other processes such as nitrification may also contribute
significantly to N2O production, because the pathway
intermediates such as NO2 and NO2

− may be converted
into N2O. These N2O ‘leaks’ are described by a ‘hole-in-
the-pipe’ model (Davidson and Verchot 2000). As an

example, the liberation of N2O during nitrification may
be quantitatively relevant under aerobic conditions when
so called nitrifier denitrificationmay contributemore than
50% of N2O emissions from soil (Kool et al. 2011).

It is also well known that eukaryotic heterotrophic
microorganisms, notably fungi, can have a significant
contribution to N2O emissions (Laughlin et al. 2009;
Marusenko et al. 2013). In particular, this ability has
been demonstrated for fungi of the order Hypocreales
(such as genenera Fusarium and Trichoderma) (Maeda
et al. 2015; Shoun et al. 2012).

In recent years, the practice of reduced or no-tillage
has increased very significantly. Notably in Brazil, there
are about 35 million ha under no-tillage, or using min-
imum tillage, aiming at reducing soil disturbance to
preserve soil organic matter (de Freitas and Landers
2014). According to current knowledge, despite all the
environmental benefits promoted by no-tillage, it may
create anaerobic conditions that trigger denitrification,
which seems more critical for clayey soils (Rochette
2008). The soil mulch preserves nutrients and moisture
in the upper soil layers in no-tilled areas for cropping,
favoring denitrification especially when soil compaction
by agricultural vehicles occurs.

Denitrification by diazotrophic bacteria

Besides fixing N2, many diazotrophic bacteria have the
capacity to perform denitrification as an alternative respi-
ratory pathway and this characteristic has been studied for
some decades (O'Hara and Daniel 1985; Zablotowicz
et al. 1978). As mentioned before, the ability to denitrify
allows cell growth under anaerobic conditions and the
survival of the bacteria in such conditions.

Among the soil-dwelling N2-fixing bacteria, denitri-
fication capacity has been indicated for several genera
i n c l u d i n g : B r a d y r h i z o b i um , Rh i z o b i um ,
Mesorhizobium, Azospirillum, Nitrospirillum (recently
separated from Azospiril lum), Burkholderia ,
H e r b a s p i r i l l u m , R h o d o p s e u d o m o n a s ,
Glucoacetobacter and others (Kloos et al. 2001). Some
species of the genus Bradyrhizobium, especially
B. diazoefficiens strain USDA 110 (recently separated
from B. japonicum – Delamuta et al. 2013), in addition
to some other strains to Bradyrhizobium and Rhizobium,
have been extensively studied (Smith and Smith 1986;
Garcia-Plazaola et al. 1993; Breitenbeck and Bremner
1989; Delgado et al. 2007; Itakura et al. 2013; Bedmar
et al. 2013).
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Diazotrophic bacteria living in close association with
plants and with beneficial or null impacts on plant
growth, but without forming true symbioses, are known
as ‘associative bacteria’. Of this group, the genus
Azospirillum is the most well-studied and shortly after
its description, it was found that, in addition to fixing
N2, some strains also possess the enzymatic apparatus
for denitrification via NO3

− respiration, enabling them
to carry out denitrification depending on the concentra-
tion of O2 and the presence of NO3

− (Danneberg et al.
1986). Kloos et al. (2001) studied the associative
diazotrophic bacteria Azospirillum brasilense (strains
Sp7, Sp245, Sp246 e Sp7030), A. lipoferum (Sp59b),
A. irakense (KA3), A. doebereinerae (GSF71), A.
amazonense (Y-1), A. halopraeferens (Au4),
Glucoacetobacter diazotrophicus (PAL3), Burkholderia
brasilensis (M130), Herbaspirillum frisingense
(GSF30), H. rubrisubalbicans (LMG 1278) and
H. seropedicae (Z68 e Z67). Based on PCR targeting
nitrite reductase (cytochrome cd1-containing and Cu-
containing), nitrous oxide reductase genes, and on N2O
emission measurement after incubation with NaNO3,
the authors concluded that all tested species, except
Nitrospirillum amazonense possess active genes related
to denitrification. This finding evidenced that in specific
conditions such bacteria could perform denitrification.

In theory, both BNF and denitrification processes
should occur spatially and temporally separated, given
the distinct oxygen availabilities required. However,
these processes are too diverse in the environment and
there are several reports of simultaneous BNF and de-
nitrification in both free-living (Azospirillum,
Rhodopseudomonas and others) and symbiotic
(rhizobium) bacteria (O'Hara and Daniel 1985;
Philippot et al. 2007). Also, the presence of NO3

−,
which is required for denitrification, is a potential inhib-
itor of nodule formation and BNF (Saito et al. 2014). In
the specific case of rhizobia in free-living conditions,
cells behave in the same way as for other microorgan-
isms; they use NO3

− as final electron acceptor only
under conditions of O2 restriction (Garcia-Plazaola
et al. 1993). When in symbiosis with plants and already
in the form of bacteroids, there is a tendency for rhizobia
to preferentially use O2, although inside the nodule O2

limitation conditions may occur (O2 concentration usu-
ally below 20 nM), thus creating conditions favorable
for denitrification (Mesa et al. 2004). This is conferred
by the selective barriers of the symbiosis in the nodular
cortex, namely the presence of leghemoglobin, which

guarantees an ideal oxygen tension for the functioning
of the nitrogenase complex (Layzell and Hunt 1990;
Minchin 1997). It has been shown that bacteroids from
specific bacterial strains can use NO3

− instead of O2

inside nodules to generate some ATP (Garcia-Plazaola
et al. 1993; Delgado et al. 2007; Sánchez et al. 2011).

The presence of the denitrifying enzymatic activity in
bacteroids was confirmed initially by the detection of
reduction of NO-3 to N2O inRhizobium japonicum (now
Bradyrhizobium japonicum), isolated from nodules of
Glycine max, and R. lupini (now B. lupini) isolated from
nodules of Lotus pedunculatus bacteroids and the re-
duction to N2 by bacteroids of R. meliloti isolate from
nodules ofMedicago sativa (O'Hara et al. 1983). In fact,
bacteroids isolated from B. japonicum nodules were
able to fix N2 using NO3

− as the final electron acceptor
(O'Hara and Daniel 1985). This capacity, however, is
probably an exception, since NO3

− limits nodule func-
tioning and the low affinity of bacteroids to respire this
ion inside active nodules was demonstrated (Delgado
et al. 2007). Inside the nodule, obviously, respiration of
NO3

− occurs whenever it is available, which is not
frequent in N2 fixing nodules. Soil NO3

− has restricted
access to the infected zone of the nodule and can tem-
porally inhibit nodule BNF (Fujikake et al. 2003; Saito
et al. 2014); therefore, despite the presence of an active
denitrification system, the process within the nodules is
probably limited by substrate availability.

The relationship between BNF and denitrification
can also involve the regulation of the plant infection
by the bacteria, because NO is known to have a role in
signaling (Corpas and Barroso 2015). Decades ago it
was hypothesized that NO produced by denitrification
could be involved in the capacity of bacteria such as
Azospirillum to stimulate root branching (Cohen et al.
2009). Dobereiner and Pedrosa (1987) suggested that
Nitrospirillum amazonense (former A. amazonense)
could have an advantage in colonizing plant roots due
to its capacity to produce NO, a possibility that would
merit further investigation (Kloos et al. 2001).

In the case of nodule-inducing-bacteria, NO was
shown to act in signaling, starting from the initial infec-
tion process, including repression of plant defenses,
initial induction of nodulation, gene expression until
nodule development and mature nodule functioning
(Leach et al. 2010; Sánchez et al. 2011). As mentioned
before, NO is also toxic to nitrogenase at high levels,
which means that the role of NO as a signaling com-
pound or as a toxic substance during nodule functioning
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depends on tiny variations in its concentration (Mathieu
et al. 1998; Corpas and Barroso 2015). The reduction of
NO toxicity inside the nodule has been suggested to be
conferred by plant leghemoglobin as well as by the
ability of bacteroids to denitrify it (Mathieu et al.
1998; Sánchez et al. 2011; Meakin et al. 2007). Despite
the importance of NO in BNF signaling, it is not clear if
NO derived from NO2

− reduction contributes to it as
well, as is the case in plants where NO from different
metabolic pathways is involved in signaling (for
detailed review see Damiani et al. 2016).

There is no doubt, therefore, that denitrification oc-
curs among N2 fixing organisms. In relation to this, a
major question that has arisen in recent decades is: What
is the quantitative importance of this denitrification un-
der field conditions? In general, the tendency for culti-
vated soils is to exhibit O2 limitation only under partic-
ular conditions (after rainfall or excessive irrigation,
normally in hot spots or in a more generalized form in
compacted soils), which would reduce denitrification
activity. However, it has been shown that even under
aerobic conditions denitrification can occur, evidencing
that certain bacterial strains have different sensitivities to
O2 levels and NO3

− concentrations (O'Hara and Daniel
1985).

When a crop is inoculated with rhizobium, an intense
multiplication of the bacteria takes place, mainly
through the formation of nodules which typically con-
tain millions of bacteroids each. Throughout the vege-
tative cycle of the crop, bacterial multiplication may
continue and after the senescence of the plants, the
bacteroids present in the nodules may dedifferentiate
and be released into the soil to live saprophytically. This
is the case of many Phaseoloid legumes from genera
such as Glycine, Vigna and Phaseolus (Kondorosi et al.
2013). In other cases, bacteroids are not able to differ-
entiate and will therefore not survive after nodule senes-
cence, as is the case of genus Arachis and Pisum (Oono
and Denison 2010). However, since root nodules also
contain free-living rhizobia that have not formed into
bacteroids these free-living cells the may also be re-
leased into the soil as saprophytes.

Just after harvesting a soybean (Glycine max) crop
under tropical conditions, the population of nodulating
bacteria was estimated to be higher than 105 cells per
gram of soil; and, this rhizobium population tends to
increase when the number of soybean grown on the
same soil is increased (Zilli et al. 2013). In fact, high
populations of rhizobia above 105 per g soil are common

in fields growing soybean crops (Parker et al. 1976),
which shows that leguminous seed inoculation and cul-
tivation can increase certain groups of bacteria in soils.

Taking into account that many rhizobia have the
capacity to denitrify, would it be reasonable to think that
introduced bacteria could increase denitrification to N2,
or even the release of other intermediates such as NO
andN2O?A study conducted in NewZealand during the
1970s showed that Rhizobium lupini populations from
104 to 107, which were quantified after inoculation of a
sterilized soil from a lotus pasture fertilized with
25 kg N ha−1, resulted in denitrification rates equivalent
to 20 kg N ha−1 yr−1. From this same study, a population
of 108 could promote very high rates of denitrification
(O’Hara et al. 1984).

In the case of soybean, increases in N2O emissions
have been attributed in part to the decomposition of root
nodules of a mature crop and after harvest (Ciampitti
et al. 2008; Inaba et al. 2009; Akiyama et al. 2016).
Organic N inside the decomposing nodules is quickly
mineralized to NH4

+ followed by nitrification and deni-
trification that produce N2O (Inaba et al. 2009). N2O is
then emitted to the atmosphere or reduced to N2 by N2O
reductase depending on the presence of the nitrous oxide
enzyme (Akiyama et al. 2016). This complex of pro-
cesses can be performed by soil resident microorgan-
isms or also by the inoculated rhizobia since if they
harbor the required genes (Inaba et al. 2012). Strategies
using B. diazoefficiens strain USDA 110 mutants carry-
ing over expressed nosZ genes, high N2O reductase
activity, or the use in the field of selected strains from
this species with high capacity to degrade N2O have
shown potential to mitigate N2O emission (Itakura et al.
2013; Shiina et al. 2014; Akiyama et al. 2016).

Diversity of N2 fixing bacteria able to denitrify

Denitrifying ability is widespread among microorgan-
isms belonging to phylogenetically distinct groups of
bacteria, archaea and fungi (Philippot 2002; Laughlin
et al. 2009). In agricultural soils, the composition, di-
versity and abundance of the denitrifying communities
are responsive to edaphoclimatic conditions (Wang et al.
2017). Furthermore, the two known enzyme classes
with key roles in denitrification (NirS- and NirK-type)
are differentially affected by soil type, plant genotype
and water management (Azziz et al. 2017).
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Coyotzi et al. (2017) characterized the community of
active agricultural soil denitrifiers by combining DNA
stable-isotope probing (DNA-SIP) with flow-through
reactors (FTRs) and showed that active denitrifiers are
represented by many taxonomic groups including:
Betaproteobacteria (71%; Janthinobacterium ,
Acidovorax , Azoarcus and Dechloromonas) ,
A l p h a p r o t e o b a c t e r i a ( 8% ; R h i z o b i um ) ,
Gammaproteobacteria (4%; Pseudomonas) and
Actinobacteria (4%; Streptomycetaceae).

For N2 emission, the denitrification pathway
needs at least four enzymes (Kraft et al. 2011)
and not all denitrifiers have the complete set of
these genes (Jones et al. 2008). The increased
number of bacterial genomes recently sequenced
using advanced sequencing technologies has
allowed searching for the presence of genes related
to the denitrification process. This type of data has
provided an opportunity to accelerate our knowl-
edge regarding the diversity and genetic evolution
of the denitrifying genes.

Analyses of several sequenced genomes from
denitrifying bacteria have shown that approximately
1/3 of them have a truncated denitrification path-
way (Kraft et al. 2011). Several bacterial groups able to
fix N2 harbor all denitrification enzymes, but others lack
the nitrous oxide reductase gene (nosZ) and produce
only N2O as the denitrification product. On the other
hand, some N2 fixing strains appear to show no denitri-
fication activity (Sameshima-Saito et al. 2006;
Sugawara and Sadowsky 2013). For example, a com-
parison of several B. diazoefficiens strains demonstrated
that denitrification genes napA, nirK, and norCB are
most frequently present, whereas nosZ seems to be less
common (Sameshima-Saito et al. 2006). This study also
showed that the composition of the denitrifying micro-
bial community able to fix N2 in association with le-
gumes can vary significantly and, even within the same
bacterial species, there are many strains with different
sets of denitrification genes.

To illustrate how the denitrification genes are distrib-
uted in the genome of inoculant bacteria, we performed
in silico analyses for 14 available genome sequences of
the most frequently used strains in Brazil and Argentina
and which are present in commercial inoculant products
(Table 1). We analyzed rhizobium strains recommended
for soybean, cowpea, common bean, green manure and,
additionally, we analyzed the genome of the
Azospirillum brasilense strains Sp245 and Az39,

recommended for cereals and Nitrospirillum
amazonense strain CBAmC recently released commer-
cially for sugarcane. The strains analyzed showed dif-
ferent sets of genes related to denitrification (Table 1).

Both strains of B. diazoefficiens CPAC 7 (=SEMIA
5080) and USDA 110 have all the genes necessary for
complete denitrification to N2 and the same total number
of denitrification genes. In the case of strains CPAC 15
(=SEMIA 5079) and E109 (both B. japonicum) and BR
3267 (B. yuanmingense) only 7–10 genes related to
denitrification were identified and the gene nosZ was
absent (Table 1). On the other hand, although some
genes were observed for the strains SEMIA 587 and
BR 29 (both B. elkanii) and PRF 81 (R. freirei), these
strains lack the genes encoding the catalytic subunit of
the denitrifying reductases. No genes related to denitri-
fication were observed in the genomes of strains CIAT
899 (R. tropici) and BR 3262 (B. pachyrhizi) nor in the
genome of Bradyrhizobium sp. BR 2003, a strain used
to inoculate green manure legumes (Table 1).

The genome of A. brasilense (represented by
strains Sp245 and Az39) consists of multiple
replicons (one chromosome, some plasmids and
chromids) (Rivera et al. 2014) and the genes involved
in denitrification are distributed among them
(Table 1). The napABC cluster, which encodes a
periplasmic nitrate reductase, is present in two copies
in both genomes. Also, the strains present the nirK
gene and the norBCDQ and nosZDFFL operons, the
latter operon being essential for the reduction of N2O
to N2 (Braun and Zumft 1991). The sequences of
these genes from Sp245 and Az39 present high ho-
mology to sequences from other Azospirillum strains,
such as A. lipoferum 4B and Azospirillum sp. B510
(Steenhoudt et al. 2001; Kloos et al. 2001; Pothier
et al. 2008; Petrova et al. 2010). However, despite its
importance in modern agriculture, the denitrification
by this genus is unknown and should be better char-
acterized. In the case of Nitrospirillum amazonense
(CBAmC) 8 genes, including nosZ and nosR
(Table 1) were identified, which could suggest that
CBAmC could be a denitrifying strain (Schwab et al.
2018). This finding is similar to what mentioned by
Dobereiner and Pedrosa (1987) for the species but
different from the observation of Kloos et al. (2001)
that didn’t observe denitrification ability in the strain
Y1. This controversial point need to be experimen-
tally validated and may represent differences among
strains in the same species.
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The presence of genes necessary for denitrification in
a bacterial genome suggests the ability to release some
nitrogenous compounds; however, the regulation of
these genes is a complex process which requires a
sophisticated regulatory network. In common with
many other denitrifiers, the expression of denitrification
genes in B. japonicum requires both oxygen limitation
and the presence of NO3

– or a derived N oxide. The
expression of the B. japonicum napEDABC, nirK and
norCBQD denitrification genes requires low oxygen
(O2) tension and nitrate (NO-3) concentration (Bueno
et al. 2017). B. japonicum has a complex regulatory
network consisting of two linked cascades to coordinate
the expression of genes needed for micro-aerobic respi-
ration (the FixLJ/FixK2 cascade) and for nitrogen fixa-
tion (the RegSR/NifA cascade) (Torres et al. 2011;
Bueno et al. 2017). In fact, denitrification can be ob-
served in many rhizobium species in different life-
forms: free living cells, in legume nodules, or isolated
bacteroids (O'Hara and Daniel 1985). However, the
synthesis, activity and breakdown of the denitrifying
enzymes of B. japonicum, B. lupini and Ensifer meliloti
were all found to be regulated by O2. Furthermore, in
B. japonicum, nitrogen oxide reductases were present in
anaerobically grown and symbiotic cells, but when the
bacteria had been grown aerobically, the genes were
induced only after a period of incubation under anaero-
bic conditions (O'Hara et al. 1983; Bueno et al. 2017).

In bacteria and archaea, functionally related
genes are often organized in operons (Overbeek
et al. 1999). Interestingly, the genome-context
analysis for main denitrification genes in symbi-
otic bacteria used as inoculants showed a com-
posite architecture, consist ing of different
replicons distributed along the genome, but with
very similar structural and functional features
(Fig. 1a). The gene organization in the operons
for napA, nirK, norC and nosZ is very similar
within the denitrifyingBradyrhizobium species,
and this organization also is similar in other
strains including SEMIA 5079, E109 and BR
3267, that lack the nosZ gene. Although the reg-
ulation of these operons has not been studied for
several strains, an interesting observation is the
presence of the araC transcriptional regulator
gene upstream the napA and nirK genes. Mem-
bers of this gene family are widely distributed in
prokaryotes and have three main regulatory func-
tions in common: carbon metabolism, stress

response, and pathogenesis (Gallegos et al.
1997). The presence of the araC upstream of
two important genes related to denitrification sug-
gests that it is involved in regulation of the ex-
pression of napA and nirK.

Altogether, the genome context for denitrification
genes in A. brasilense strain Sp245 and Az39 is similar
to Bradyrhizobium; Azospirillum strains seem to have a
more complex organization, at least for the nirK operon,
which has several hypothetical protein genes between
nirK and nirV (Fig. 1b). In addition, this strain lacks the
nosL gene and has an IclR family transcriptional regu-
lator upstream the norC gene. This family of transcrip-
tion factors comprises regulators acting as repressors or
activators of genes involved in several processes, such
as the glyoxylate shunt, multidrug resistance, degrada-
tion of aromatics, inactivation of quorum-sensing sig-
nals, determinants of plant pathogenicity and sporula-
tion and L-gluconate catabolic (Molina-Henares et al.
2006; Shimizu and Nakamura 2014). However, the
function of IclR in A. brasilense still needs to be
determined.

Influence of BNF on soil N2O emissions

Legume species are widely used in cropping systems
around the world and are also key components in pas-
tures. They represent the most efficient N2 fixing system
in soils when in symbiosis with rhizobia, characterized
by the formation of root nodules fromwhich most of the
plant’s N demand is delivered. Soybean is the most
cultivated legume in the world, estimated to contribute
over 75% of the biologically fixed N2 by crop legumes,
and around 20–30% of the total fixed together by crops
and planted pastures worldwide. (Herridge et al. 2008).

Apart from hosting diazotrophic bacteria capable of
denitrification, legume plants usually produce residues
of relatively low C to N ratio that are readily
decomposed with the release of large amounts of min-
eral N to the soil, which increase the potential of N2O
production by nitrification and denitrification (Baggs
et al. 2000). Hence, N2 fixation has the potential to
influence the production of N2O in agricultural systems
directly by diazotrophic microorganisms associated
with the plant or as saprophytes in soil, or indirectly
by increasing the concentration of soil mineral N or by
stimulating other denitrifiers.
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Fig. 1 Genomic context of denitrification genes in the bacteria
used as inoculant. The computation was carried out using the
bacterial genomes listed in Table 1 and gene context analysis
was carried out using the Integrated Microbe Genome (IGM) data
management System (Mavromatis et al. 2009). The numbers
between brackets are the Access Numbers for used sequences.
The 4 main proteins necessary for complete denitrification are
showed in red, araC (transcriptor regulator AraC family), napE
(nitrato reductase), napD (periplasmatic nitrato reductase, chaper-
one), napA (periplasmatic nirate reductase, subunit apoprotein),
napB (periplasmatic nirate reductase, subunit NapB), napC
(periplasmatic nirate reductase, subunit NapC), edrN (exonucle-
ase-5),?NO (uncharacterized protein involved in response to NO),
nnrR (transcriptor regulator, Crp/Fnr family), hemN
(coproporphyrinogen III oxidase, anaerobic), nirK (dissimilatory
nitrite reductase, copper type apoprotein), nirV (periplasmatic

nitrite reductase, accessory protein), norE (nitric oxide reductase,
subunit E), Cyt-C (Cytochrome C oxidasem, subunit IV), norC
(nitric oxide reductase, NorC subunit apoprotein), norB (nitric
oxide reductase, NorB subunit apoprotein), norD (nitric oxide
reductase, NorC subunit apoprotein), norQ (nitric oxide reductase
activation protein NorQ), norD (nitric oxide reductase activation
protein NorD), lsrR (transcriptional regulator, DeoR family), nosR
(nosR/nirI family transcriptional regulator, nitrous oxide reductase
regulator), nosZ (nitrous oxidase reductase, apoprotein subunit),
nosD (nitrous oxidase accessory protein), nosF (copper process-
ing system, ABC transporter), nosY (copper processing system,
permease protein), nosL (copper chaperone protein), nosX (thia-
mine biosynthesis lipoprotein apbE), IclR (transcriptional regula-
tor, IclR Family), mobE (mobile element protein), hpro (hypo-
thetical protein). Figure 1a. Symbiotic bacteria and Fig. 1b
Associative
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N2O emissions mediated by the symbiotic system

As previously discussed, slow- and fast-growing
rhizobia have been described as denitrifiers (O'Hara
and Daniel 1985). Apart from symbiotic rhizobium
species, associative-diazotrophic microorganisms such
as Azospirillum brasilense (Nelson and Knowles 1978)
and Azotobacter vinelandii (Bleakley and Tiedje 1982)
are also known N2O producers, but the uncertainties
concerning significant BNF contributions by these as-
sociative bacteria to plants or even the confirmation of a
solid plant-microorganism association after inoculation,
limits their inclusion in these discussions. Hence, only
the symbiotic association between rhizobia and legumes
will be treated hereafter.

According to van Spanning et al. (2007), denitrifica-
tion in B. japonicum is tightly regulated by an energetic
hierarchy that privileges respiratory pathways depend-
ing on the availability of O2 and NO3

− or NO2
−. Specific

sensors for intracellular concentrations of O2 and for
each of the oxidized N forms signal for enzymatic
reactions controlling electron flow to O2 or alternatively
to the N-oxides, the former being the preferential route
with respect to free-energy transduction. Hence, denitri-
fication by rhizobium is not governed by the BNF
process but is the result of a survival strategy mostly
during periods of O2 insufficiency, which includes the
maintenance of N2 fixation but at lower efficiency levels
(Zablotowicz and Focht 1979; Zhong et al. 2009). This
also agrees with Casella et al. (1984) who demonstrated
the ability of different fast-growing rhizobium species to
denitrify to N2O in a direct proportion to increasing
NO3

− doses, but no detectable amounts of the gas was
present under aerobic conditions. Apart from the tests
with pure strains in culture medium, they also grew
inoculated plants in agar enriched with NO3

− and con-
firmed the simultaneous occurrence of symbiotic nodu-
lation and N2O emission’.

Root nodules work at very low O2 concentration,
owing to the leg-hemoglobin system that transfers suffi-
cient O2 to guarantee the energy production in the bacte-
roid without inactivating the enzyme nitrogenase. Irre-
spective of the microaerophylic environment inside the
nodule, the external O2 availability would be determinant
of using other oxidizedmoieties in the respiratory system.
Hence, it is expected that anaerobic conditions bring
about an increase of N2O production by root nodules,
which was confirmed by Tortosa et al. (2015). These
authors showed a linear response of N2O emission

against increasing rates of NO3
− supplied in the plant

growth medium and that flooding strongly induced N2O
release compared to control conditions when nodulated
plants were grown in presence of 4 mM NO3

−.
Therefore, it seems that significant N2O emissions

would be expected only during periods of legume growth
when soil O2 availability is reduced andNO3

− is available
in the soil solution and/or root nodule. This was the
probable explanation for the increased N2O fluxes in a
pot experiment where inoculated soybean was monitored
from seeding to the beginning of pod fill (Fig. 2). A steep
increase in N2O fluxes compared to unplanted pots was
coincident with the time of watering above field capacity,
which indicates that root nodules can contribute some-
what to the denitrification process, but this seemed to be
associated to the period of O2 limitation. This same Fig. 2
shows differences between plants inoculated with differ-
ent Bradyrhizobium species. After 63 days, emissions
above the control without plant of 8,03 and 7,35 mg N-
N2O m−2 were computed for the treatments inoculated
with strains CPAC 7 and CPAC 15 (B. diazoefficiens and
B. japonicum, respectively), which were significantly
greater (l.s.d. test; p < 0.05) than the emissions of 3,53
and 2,22 mg N-N2O m−2 computed for strains SEMIA
587 and BR 29 (both B. elkanii), respectively. Since
CPAC 7 and CPAC 15 harbor both nar and nor genes
while SEMIA 587 and BR 29 do not (Table 1) the gas
measurement (Fig. 2) seems to be in accordance with
gene composition. As previously mentioned, not all soil
rhizobia possess the whole set of genes that encode for all
enzymes associated with each redox step for denitrifica-
tion. For this reason, the end product of denitrification by
Bradyrhizobium varies with the strain studied. Strong
evidence exists that strains of B. elkanii have limited
capability to produce gaseous N oxides via denitrification
(Sameshima-Saito et al. 2006) (Table 1).

Irrespective of a potential denitrification by legume
root nodules, there is no direct relationship of N2O
production with N2 fixed by the plant (Zhong et al.
2009). What seems to be important is the availability
of soil NO3

− and the restriction of O2. Nonetheless,
nodule decomposition at the end of soybean cycle was
indicated as the main source of N2O (Inaba et al. 2009),
which could be explained by moments of saturation of
soil pores with water from rainfall, or an O2 exhaustion
by microbial respiration, especially if accompanied by
an accumulation of senesced soybean residues. Another
possibility for the O2 sink is a microbial stimulation by
H2 produced by the nitrogenase enzyme. Almost a third
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of the energy employed in the reduction of N2 by
nitrogenase is utilized for the production of H2

(Schubert and Evans 1976) and its liberation into the
rhizosphere soil stimulates the microbial H2-oxidizing
activity (Dong and Layzell 2001). The oxidation of H2

consumes O2 and could promote N2O emissions, espe-
cially considering that the population of H2 oxidizers
also present the ability to denitrify (Flynn et al. 2014).

The uncertainties with respect to N2O emissions from
legume crops have led to conflicting conclusions about
the impact of BNF. Based on the accumulated knowl-
edge, O'Hara and Daniel (1985) concluded that the N
losses through denitrification occurred proportionately
to the amount of fixed N2 on an area basis. In this way
Bouwman (1996) proposed a factor of 1.25% (N-N2O to
N2 fixed ratio) after verifying that the amounts of N2O
emitted from soils under legume crops whose N was
supplied by BNF were similar to those from soils culti-
vated with cereals whose N2O emissions represented
1.25% of the N supplied by fertilization. Later on, a
larger dataset analysis allowed concluding that N2 fixing
systems generally presented N2O emissions close to
background levels, below that of N fertilized systems
(Rochette and Janzen 2005; Uchida and Akiyama
2013). In fact, they concluded that root N exudation
and mineralization from plant residues would better

explain the situations where N2O emissions from soils
cultivated with legumes resulted above background
emissions. Nonetheless, soil moisture was not taken into
consideration, which could be an important factor that
leads to different conclusions about N2 fixing systems
and N2O emissions.

The diversity of soil rhizobia with varied composi-
tions of denitrification genes at the strain level has
opened a new discussion concerning mitigation possi-
bilities for N2O emissions. There is evidence for a
potential mitigation effect by strains carrying a whole
gene set that allows them to reduce N2O to N2, more
specifically the nosZ (Itakura et al. 2008; Hénault and
Revellin 2011; Akiyama et al. 2016). Itakura et al.
(2013) verified that rhizobia encoding the nosZ gene
would mitigate N2O emissions in comparison to strains
not carrying this gene, especially during the soybean
maturity phase when senesced plant material and root
nodules would enhance N2O production due to their
contribution to mineral N availability.

Indirect N2O emissions originating from fixed N

Indirectly, N2 fixation introduces active N forms that
may undergo nitrification and denitrification in soils
leading to N2O emissions.

Fig. 2 Rainfall and air
temperature (a) and N2O fluxes
(b) during a pot experiment under
field conditions using the B
horizon of an Ultisol where
soybean was seeded and
subjected to inoculation with
strains of Bradyrhizobium
diazoefficiens (CPAC 15)
B. japonicum (CPAC 7) and
B. elkanii (BR 29 and SEMIA
587) or to a treatment with a
sterile inoculant medium together
with a control without plant
(Nascimento 2011)
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Another contribution of N2 fixing systems is derived
from the “sparing” of soil mineral N, which was shown
to occur when compared to soil under a non-fertilized
grass system (Jensen et al. 2012). During legume
growth, higher levels of mineral N in the soil have been
observed compared to the same soil cropped to non-
legume species, a phenomenon known as the soil N
sparing effect (Chalk 1997). Differences in N accumu-
lation patterns together with the N supply from biolog-
ical N2 fixation to the legume explain this effect. The
study of Morais (2012) compared areas planted with
jack bean (Canavalia ensiformis) and dwarf sorghum
(Sorghum bicolor) along with an area left fallow as
control. The accumulated biomass in each treatment
was incorporated into the soil by ploughing. Significant
N2O fluxes occurred during legume growth, which were
accompanied by high soil mineral N concentration in-
dicating an N-sparing effect (Fig. 3). These high fluxes

corresponded to about 30% of the net N2O emission
computed in the whole period, the remaining induced by
the incorporation of legume biomass into the soil. Even
considering the gross soil N2O emissions, the area cul-
tivated with legume emitted 1.8 and 2.2 times that from
the fallowed area and from the area cultivated with
sorghum, respectively. The lowest emissions during
sorghum growth would be attributed to an enhanced soil
N exploitation. Differences in C:N ratio explains the
contrasting emissions of N2O when the legume biomass
was incorporated into the soil compared to the area of
sorghum. Residues of lower C:N ratio usually lead to
higher N2O emissions (Baggs et al. 2000) even though
the quantity of residues combined with the level of soil
N could interfere in such relationship (Chen et al. 2013).

The importance of low C:N ratio residues on N2O
emissions was observed by Bayer et al. (2015) after
comparing the effects of managing vetch (Vicia sativa)

Fig. 3 Nitrous oxide fluxes (a)
and soil mineral N (b, c) during
the growth of jack bean
(Canavalia ensiformis) and dwarf
sorghum (Sorghum bicolor)
together with a control plot
(weeded) and after the biomass
incorporation into soil
(Morais 2012)
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and oat (Avena strigosa) residues before sowing maize.
In this case, the largest N2O emission was observed after
vetch management, which was exacerbated under no-
tillage compared to conventional tillage. However, the
use of vetch brought about lower N2O emission inten-
sity (emission per Mg of grain) than maize fertilized
with 180 kg N ha−1, the same N rate as that in vetch
residues. They did not capture an induction of N2O
emissions due to a soil-N sparing by vetch because the
monitoring of N2O fluxes started only after the manage-
ment of the cover crops.

For soybean, increased N2O fluxes are detected at later
stages when mineral N increases owing to mineralization
of senesced leaves and belowground material including
nodules (Yang and Cai 2005). Zotarelli et al. (2012)
verified an input of about 30 kg N ha−1 of senesced leaves
of soybean some weeks before harvesting. The extra
supply of labile organic material contributes to boost
N2O emissions, if O2 limitation occurs. In this sense,
Monteiro (2016) verified that emissions of N2O during
the soybean cycle exhibited moments of high fluxes
(Fig. 4) that coincided with high soil NO3

− accumulation
followed by increased soil water content (%WFPS). After
senescent soybean leaves started to accumulate on the
soil surface, high N2O fluxes took over and lasted for
days after harvesting, which also coincided with a period
of high soil water content. In this study, plant nodulation
was not monitored but the relatively high grain yield

(above 3 Mg ha−1) indicates the BNF was at high levels
as no N fertilizer was applied.

Direct emissions of N2O from nodules is difficult to
predict, while that originating during legume growth
and incorporation or laid down on soil after harvesting
is less complex. Notwithstanding, there is evidence to
consider the use of inoculum rhizobium strains contain-
ing the complete set of enzymes of denitrification to
mitigate N2O emissions (Itakura et al. 2008; Akiyama
et al. 2016). While helping to complete the N cycle, the
presence of all enzymes would be a protection against
toxicity to the N2-fixing system. The inclusion of Hup+

phenotype (hydrogen uptake phenotype) trait in the
selection of rhizobium strains would be another ad-
vancement in order to control N2O emissions although
more research is required to understand the immediate
effects on H2-oxidizer dynamics and O2 uptake with
reflexes on N2O production together with further effects
on the following crops (Flynn et al. 2014).

The effects of N sparing on N2O emissions is not
easily controlled, but the use of high residue input in no-
tillage systems or even the incorporation of enough
mass of soil mulch could be a possibility to reduce
N2O emissions, more precisely residues of high C:N
ratio (Li et al. 2013). When growing legumes for green
manure, the use of mixed grass/legume forage is natu-
rally a strategy to reduce the soil N availability by using
the grass as a sink while stimulating BNF of the

Fig. 4 Soil N2O fluxes (a),
percentage of pore saturation with
water (WFPS) (b) and soil nitrate
(c) during soybean growth in an
Oxisol under conventional tillage
in Londrina, PR (Monteiro 2016)
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nodulated legume (Viera-Vargas et al. 1995). At the end
of growth cycle, the effects of leaf and nodule senes-
cence and possibly the deposition of harvest residues
can be reduced by using the right rhizobial strains as
mentioned before (Itakura et al. 2013) since a number of
them will remain in the area as saprophytes but still
capable of emitting N2O especially from decomposing
nodules (Inaba et al. 2009).

Final considerations

There is no doubt about the value of legume-rhizobium
symbiosis as an efficient plant N nutrition strategy and a
valuable alternative to introduce N into agroecosystems.
Nonetheless, higher denitrification activity has been
observed in legume-planted areas in comparison with
paired areas of unfertilized non-legumes. The prevailing
explanation is the increase in soil N availability due to a
soil N sparing effect by the growing legume and to the
mineralization of the low C:N ratio of its residues.

On the other hand, comparisons between systems
dependent on BNF and those under N fertilization indi-
cate BNF is an effective and efficient practice tomitigate
greenhouse gases emissions (Jensen et al. 2012). Firstly,
while 21 MJ are expended by nitrogenase to fix 1 kg of
N, industrial N2 fixation by the Haber-Bosch process
requires 54 MJ kg−1 N, which is all provided by fossil
fuel sources that release between 4 to 5 kg CO2eq kg−1

N considering all steps from NH3 synthesis to field
application (Robertson and Grace 2004). The energy
required by BNF comes entirely from plant photosyn-
thesis. Secondly, the increase in soil N availability pro-
moted by legume is gradual compared to the immediate
release of mineral N into the soil solution after N fertil-
ization. The comparison of a legume crop with an N-
fertilized cereal crop is the best strategy available to
discuss the impact of the two N sources assuming that
both systems are fully supplied with N. However, such
comparisons were not performed with paired sites, and
the environmental conditions to which each system was
subjected were not always taken into consideration.

Denitrification is a process that gives ecological ad-
vantages to some microorganisms to adapt to limiting
soil O2 conditions and this trait is present in diverse
groups of microorganisms, including some bacteria ca-
pable of N2 fixation. During recent years, interest
concerning the importance of denitrification in
diazotrophic bacteria has increased, especially because

very high numbers of these bacteria are applied to soils
as commercial inoculants.

Our investigation of genomes of different strains
used as commercial inoculants in Brazil and Argentina
(including nodule-legume-inducing bacteria
Bradyrhizobium and Rhizobium, and the associative
bacteria Azospirillum and Nitrospirillum) demonstrated
that only some of these strains harbor genes involved in
denitrification. For example, the recommended inocu-
lant strains CPAC 7 (B. diazoefficiens), CPAC 15 and
E109 (B. japonicum), SEMIA 587 and BR 29
(B. elkanii), massively used for soybean, have different
denitrification gene profiles (Table 1). While CPAC 7
has all key genes napA, nirK, norC and nosZ, by con-
trast CPAC 15 and E109 lack nosZ, and SEMIA 587 and
BR 29 do not have any. How such combinations impact
N2O emissions is still an important question? Published
field studies with soybean inoculated with commercial
strains of B. japonicum are not conclusive as there are
only indications that N2O fluxes are enhanced at the end
of soybean cycle (Fig. 3). Different assays carried out
under glasshouse conditions indicated that high N2O
fluxes were produced by soybean root nodules inocu-
lated with E109, in comparison with uninoculated root
nodules or those inoculated with USDA 110 (Obando
et al. 2019). However, exhaustive field experiments are
still needed to confirm the impact and sifnificance of the
glasshouse data.

As regulation of denitrifying genes requires a
combination of factors, such as the presence of
NO3

− (or a derived N oxide), a carbon source and
O2 limitation, it is reasonable to speculate that the
effective denitrification by these bacteria in soil en-
vironments will happen more intensely only at the
end of the growth cycle. Irrespective of the magni-
tude of N2O emissions from inoculated legume sys-
tems, there is evidence in the literature to consider the
possibility of identifying rhizobium strains that could
contribute with mitigating N2O emissions (Itakura
et al. 2013; Shiina et al. 2014; Akiyama et al. 2016;
Hénault and Revellin 2011). The use of strains capa-
ble of high expression of nosZ gene is a possibility.
Furthermore, the use of low hydrogen production
strains can be another option to reduce the stimulat-
ing effect of hydrogen on denitrifying microorgan-
isms (Flynn et al. 2014). However, more research is
needed to identify the real importance of denitrifica-
tion of diazotrophic bacterial, especially in the field
conditions.
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