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G enes and pathways involved in inorganic nitrogen cycles
have been found in traditional as well as unusual
microorganisms. These pathways or enzymes play a very
important role in the adaptation or survival of these
microorganisms under a variety of environmental conditions.
Microbial nitrogen metabolism has industrial applications
ranging from wastewater treatment to bioremediation and
potential future use in biocatalysis for chemical production.
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Abbreviations
anammox anaerobic ammonia oxidation
AOB ammonia-oxidizing bacteria
PHA polyhydroxyalkanoates

Introduction
The metabolism of inorganic nitrogen compounds (see
Figure 1) plays many important physiological roles in
microorganisms. Denitrification, a process of converting
nitrate to nitrous oxide or dinitrogen gas, allows
microbes to use alternative electron acceptors to gain
energy under oxygen-limiting conditions [1].
Chemolithotrophic nitrification derives energy from the
oxidation of ammonia to nitrite [2]. Dissimilatory reduc-
tion of nitrate to ammonia under oxygen-limiting
conditions serves as a process to dissipate excess reduc-
ing power [3], generates ammonia for assimilation, or
supports anaerobic growth with nitrate or nitrite as the
alternative electron acceptors [4]. The newly discovered
anaerobic ammonia oxidation (anammox) reaction con-
verts ammonium and nitrite to dinitrogen gas (see
Figure 2). Although it is not the subject of this review,
microbial nitrogen fixation converts gaseous dinitrogen
to ammonia for assimilation. In addition, reactions
involving inorganic nitrogen species provide a rich variety
of enzymatic systems for biochemical study [5].

Microbial nitrogen metabolism also plays an important role
in the global nitrogen cycle. Microbial activities, such as
denitrification and anammox, are the major mechanisms
that convert combined nitrogen to dinitrogen gas, thereby
completing the nitrogen cycle. At the same time, microbial
activities contribute to the production of greenhouse gases
such as nitric and nitrous oxides in the atmosphere. These
microbial activities are carried out by a wide variety of micro-
oganisms that range from archaebacteria to proteobacteria, to
Gram-positive eubacteria, to fungi.

This review summarizes progress made over the past two
years in the understanding of the physiology of microbial
metabolism of inorganic nitrogen compounds, and high-
lights the advances made as a result of genome sequencing
efforts. Additionally, industrial applications of microbial
nitrogen metabolism will be reviewed. 

Dissimilatory reduction of nitrate or nitrite to
gaseous forms of nitrogen products
Dissimilatory reduction of nitrate is commonly carried
out by either a membrane-bound nitrate reductase or a
periplasmic nitrate reductase. The role of these two
types of enzymes in the denitrification process varies,
depending on the organism. In the Pseudomonas fluo-
rescens YT101 strain, only the membrane-bound nitrate
reductase activity is found [6]. Paracoccus pantatropha has
both enzymes and the membrane-bound enzyme is
responsible for anaerobic denitrification. The periplas-
mic nitrate reductase is suggested to play a role in
dissipating reductant when this organism is grown on
highly reduced carbons under aerobic conditions [7]. For
quite a while, the role of periplasmic nitrate reductase in
anaerobic denitrification was uncertain. Recently, it was
demonstrated that this enzyme is required for anaerobic
nitrate reduction in Pseudomonas sp. G-179 and
Rhodobacter sphaeroides f. sp. denitrificans [8••,9]. Most
nitrate reductases studied so far contain molybdenum in
the form of a molybdopterin cofactor. Two catalytically
distinct, molybdenum-free dissimilatory nitrate reduc-
tases, a soluble periplasmic one and a membrane-bound
one, were reportedly isolated from the vanadate-reducing
bacterium, Pseudomonas isachenkovii [10]. 

There are two types of dissimilatory nitrite reductase
that catalyze the conversion of nitrite to nitric oxide in
bacteria. One type is the cytochrome cd1 nitrite reduc-
tase, and the other type is the copper-containing nitrite
reductase. Based on genome sequencing information, it
appears that both types of nitrite reductases are present
in Methylomonas sp. strain 16a (JM Odom, J-F Tomb,
RW Ye, K Norton, A Schenzle, S Zhang, unpublished data).
This observation is the first report of a bacterium that
contains both types of dissimilatory nitrite reductases.
Detailed biochemical and genetic studies are needed to
validate and elucidate the role of these two enzymes in
this organism. The production and consumption of nitric
oxide have also been reported in other strains of methano-
trophic bacteria grown in nitrate-containing medium
under oxygen-limiting conditions [11]. It is likely that
these organisms carry out the assimilatory nitrate reduc-
tion to nitrite, which is then reduced under
oxygen-limiting conditions to nitric oxide and nitrous
oxide via the enzymatic activities of dissimilatory nitrite
and nitric oxide reductases. 
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A few types of nitric oxide reductases have been found in
microorganisms. The most common one contains cytochrome
bc. The cytochrome b nitric oxide reductase lacks the heme c
subunit [12,13]. The DNA sequence of the cytochrome b
enzyme has been found in Neisseria gonorrhoeae [14], Neisseria
meningitidis [15], Synechocystis sp. PCC6803 [16], Ralstonia
eutrophus [13] and Methylomonas sp. strain 16a (JM Odom,
J-F Tomb, RW Ye, K Norton, A Schenzle, S Zhang, unpub-
lished data). This enzyme is required for anaerobic growth of
N. gonorrhoeae. In the fungus Fusarium oxysporum, the
cytochrome P450 nitric oxide reductase is shown to be
responsible for the step of nitric oxide reduction [17]. In addi-
tion, the heme–copper oxidases of Thermus thermophilus and
cytochrome c nitrite reductase of Sulfurospirillum deleyianum
can convert nitric oxide to nitrous oxide or ammonia [18,19•].
Remarkably, the cytochrome c nitrite reductase has a
considerably broad spectrum of substrate specificity.

The existence of dissimilatory nitrite and nitric oxide reduc-
tases in nondenitrifying bacteria, as revealed by genome
sequences (Table 1), clearly indicates a broader physiologi-
cal role that could range from anaerobic metabolism to
detoxification for these enzymes. 

Dissimilatory nitrate reduction to ammonia
Investigation of anaerobic metabolism of Bacillus subtilis
has revealed many interesting features of dissimilatory

nitrate reduction to ammonia. First of all, B. subtilis was tra-
ditionally believed to be a strict aerobe [4]. It turns out that
B. subtilis can carry out anaerobic dissimilatory reduction of
nitrate to ammonia via nitrite. This anaerobic process has
long been considered to be a way of dissipating electrons
under anaerobic conditions [3]. However, B. subtilis is capa-
ble of using nitrate and nitrite as the alternative electron
acceptors to support anaerobic growth. Anaerobic energy
generation appears to be coupled to anaerobic fermenta-
tion, as mutations in lctE and pta (which encode the two
enzymes required for lactate and acetate synthesis, respec-
tively) result in a significant reduction in anaerobic
fermentative and respiratory growth [20•]. 

With the availability of the genomic sequence for B. subtilis
[21], the genome-wide analysis of RNA transcriptional pat-
terns is possible. DNA microarrays, which measure mRNA
levels in a high-throughput manner, have been used to
investigate the changes in mRNA transcription when
B. subtilis is grown under anaerobic conditions with nitrate
or nitrite as the alternative electron acceptor [22•]. Among
the 4020 genes examined, the most highly induced regions
are narGHJI and narK, both of which are involved in dis-
similatory nitrate reduction. Other induced regions include
those involved in carbon metabolism, electron transport,
antibiotic production and stress responses. Furthermore,
many DNA regions with unknown functions were affected
by oxygen limitation. DNA microarrays are very useful
tools with which to elucidate the regulatory networks, but
results of array experiments require the validation of con-
ventional genetic and biochemical analyses. The
correlation between genome-wide mRNA transcription
levels and physiology has not been thoroughly investigated
at the present time. 
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Figure 2

Anaerobic ammonium oxidation (anammox) by the Planctomycetales.
Anammox is coupled to nitrite reduction. Ammonia and hydroxylamine are
converted to hydrazine by a membrane-bound enzyme. Hydrazine is
oxidized in the periplasm. The mechanism of electron transfer for nitrite
reduction is not fully known at this time. Jetten et al. [36] propose two
potential systems: one system involves a single enzyme that is responsible
for hydrazine oxidation and nitrite reduction, and the other involves a
nitrite-reducing enzyme that mediates formation of hydroxylamine while an
electron transport chain enzyme supplies the electrons. 
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Figure 1

Microbial nitrogen cycle. N itrate is converted to nitrite by assimilatory
or dissimilatory nitrate reductases. Assimilatory reduction of nitrate to
ammonia via nitrite enables microbes to use nitrate as the nitrogen
source. Under oxygen-limiting conditions, nitrite can be reduced to
nitric oxide or ammonia. Bacteria with the complete denitrification
pathway catalyze the dissimilatory reduction of nitrate to nitrogen. In
some bacteria, dissimilatory reduction of nitrate to ammonia via nitrite
can support anaerobic growth or dissipate excess reducing power.
Ammonia oxidizers oxidize ammonia to hydroxylamine, which is
subsequently converted to nitrite. This process also leads to the
production of nitric oxide and nitrous oxide. The nitrite produced can
be converted to nitrate by nitrite oxidizers. The nitrification community
consists of both ammonia oxidizers and nitrite oxidizers. Anaerobic
ammonia oxidation (anammox) is shown in F igure 2.
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Dissimilatory nitrate reduction to ammonia in B. subtilis is
regulated by the two-component regulatory proteins
ResDE (Figure 3). Direct binding of ResD protein to
upstream regions of hmp and nasDEF, which encode a
flavoprotein and the nitrite reductase, respectively, has
been demonstrated [23•]. Phosphorylation of ResD signif-
icantly stimulates this binding. Binding of the promoter
region of fnr, which regulates the nar genes responsible for
nitrate reduction, requires a higher concentration of ResD,
and binding is not enhanced with ResD phosphorylation.
This result appears consistent with the observation that
certain levels of RNA transcripts for nar and fnr genes are
induced when ResDE– mutants are grown under oxygen-
limiting conditions [22•]. Furthermore, the mRNA levels
for nar and fnr are reduced at the end of exponential
growth in nutrient broth medium supplemented with
nitrate and glucose, whereas no changes are observed for
nasDEF, hmp and resDE at the same stage (RW Ye, unpub-
lished data). As a result, the control of ResD on the
expression of fnr may not be as stringent as nasD. 

Ammonia-oxidizing bacteria 
Ammonium oxidation has been observed in many bacter-
ial species. Ammonia is oxidized by two pathways: first,
ammonia is oxidized to hydroxylamine, which is then oxi-
dized to nitrite by hydroxylamine oxidoreductase
(Figure 1); second, ammonia and nitrite are anaerobically
converted to dinitrogen gas (Figure 2). The aerobic
chemolithoautotrophic ammonia-oxidizing bacteria
(AOB) are specialists that can grow on ammonia and car-
bon dioxide [24] and use ammonia monooxygenase to
convert ammonia to hydroxylamine. Many heterotrophic
bacteria, such as P. pantotropha and Alcaligenes faecalis
strain TUD [25], can carry out the same reaction.
Methanotrophs are capable of converting ammonia to
hydroxylamine via the methane monooxygenase, whereas
the ammonium monooxygenase can oxidize methane to
carbon dioxide [2]. The recently identified lithotrophic

planctomycete possesses the anammox pathway, which is
coupled to nitrite reduction [26•]. 

It is interesting to note that many AOB have either a whole
or partial denitrification pathway. The genome sequencing
effort of the chemolithotrophic nitrifier Nitrosomonas
europaea is near completion (US Department of Energy
Joint Genome Institute [JGI] on World Wide Web URL
http://www.jgi.doe.gov/tempweb/JGI_microbial/html/
index.html). Preliminary results apparently indicate the exis-
tence of copper-type dissimilatory nitrite and cytochrome
bc nitric oxide reductases, but not dissimilatory nitrate and
nitrous oxide reductases [27]. The methanotrophic AOB
Methylomonas sp. 16a also has only these two steps of the
denitrification pathway. It is observed that gaseous nitric
oxide is important for ammonia oxidation activity in
Nitrosomonas eutropha [28]. Clearly, the connection
between nitric oxide, nitrite and nitrous oxide with ammo-
nia oxidation and the role of dissimilatory nitrite and nitric
oxide reductases in AOB need to be addressed. 

The discovery of anammox is considered to be one of the
most innovative technological advances in the removal of
ammonia nitrogen from wastewater. The microorganism
that carries out this process has been identified as a novel
autotrophic member of the order Planctomycetales, one of
the major distinct divisions of the bacterial domain [26•].
The novel planctomycete grows extremely slowly, dividing
only once every two weeks, and thus cannot be cultured.
Interestingly, both the purified and unpurified cells from
biofilms were active only when the cell concentration was
higher than 1010–1011 cells per millilitre. These cells were
reported to contain a novel type of hydroxylamine oxido-
reductase, based on the amino acid sequences of several
peptide fragments, electron paramagnetic resonance spec-
tra and the possible presence of P468 cytochrome [29]. It is
necessary, however, to have the complete gene sequence
and to perform additional biochemical analysis in order to
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Table 1

A list of currently sequenced microbial genomes with nitrogen cycle pathways.

Species Pathways or enzymes References

N itrosomonas europaea Ammonia oxidation (a)
D issmilatory nitrite and nitric oxide reductases

Methylomonas sp. 16a Ammonia oxidation (b)
D issimilatory nitrite and nitric oxide reductases

Neisseria menigitidis D issimilatory nitrite and nitric oxide reductases [15]
Synechocystis sp. P C C 6803 Cytochrome b nitric oxide reductase [16]
Bacillus subtilis strain 168 D issimilatory nitrate reduction to ammonia [21]
Pseudomonas aeruginosa PA O Denitrification [41]
Rhodobacter sphaeroides Denitrification (a)

N itrogen fixation
Paracoccus denitrificans ATC C 19367 Denitrification

Heterotrophic nitrification (c)
P. denitrificans strain SANVA100 Denitrification (c)
Azoarcus tolulyticus Tol-4 Denitrification (c)

(a) Joint G enome Institute, URL http://spider.jgi.psf.org/J G I_microbiol/html; (b) JM O dom, J-F Tomb, RW Ye, K Norton, A Schenzle, S Zhang,
unpublished data; (c) RW Ye, SM Thomas, unpublished data. 



enable full comparison. Within the anaerobic AOB
Planctomycetales, there is evidence, based on 16S rDNA
sequences, for an additional genus [30]. This second novel
biofilm planctomycete, provisionally classified as
Candidatus Kuenenia stuttgartiensis, constitutes the dominant
fraction of the biofilm bacteria. 

The role of nitrogen metabolism in wastewater
treatment
The elimination of nutrient discharge from wastewater
treatment facilities is of increasing importance, driven
mainly by the need to reduce eutrophication of estuaries.
The US National Oceanic and Atmospheric Administration
has recently published a report describing past research,
recommendations and strategies for dealing with eutroph-
ication in the US [31]. Nitrogen-containing compounds
(primarily ammonia, nitrate and nitrite) are contributors to
the eutrophication of waterways. Microbial metabolism of
organic and inorganic nitrogen to dinitrogen gas is com-
monly employed by industrial and municipal wastewater
treatment facilities to meet discharge limits for these
compounds. To date, commercial applications have
mainly taken advantage of anammox and dissimilatory
denitrification physiologies. The major applications and
future directions of aerobic nitrification, anammox and
denitrification are described below. 

Aerobic nitrification is carried out by slow-growing
autotrophic bacteria, which double every 1–5 days [32].
These microorganisms are inhibited by many heavy metals

and organic chemicals, although inhibition by the latter can
also be indirect and related to oxygen depletion by het-
erotrophs present in the system. Improved nitrogen
removal and reduced inhibition of autotrophic nitrification
by environmental conditions could be offset by improve-
ments in process monitoring. For example, Caulet et al.
[33] described an automated aeration control approach that
is based on trends in oxidation reduction potential. Using
this system, nitrogen removal stabilized and increased to
90%. Additionally, an offline system that determines the
inhibition of nitrifying biomass has been reported by
Grunditz et al. [34]. In this study, pure cultures of
Nitrosomonas and Nitrobacter were used to determine the
impact of wastestream sources and environmental condi-
tions (such as temperature and pH) on ammonia oxidation
and nitrite oxidation. 

Anammox coupled to nitrite reduction offers opportunities in
the area of process development of nitrogen removal systems.
One of the biggest challenges is how to accelerate the slow
rate of nitrogen removal from these systems (the rate is less
than half that of aerobic nitrification) [35,36]. However, from
a commercial applications perspective, the more challenging
issue is the extremely slow growth rate (10–14 days) of the
bacteria known to carry out these reactions [35,36]. Similar to
aerobic nitrification, anammox is subject to inhibition. This
process requires anaerobic conditions for ammonia oxidation,
but inhibition by oxygen is reversible [36]. Other inhibitors of
this process include acetylene and phosphate [36]. 

Ammonia-rich streams could be treated in a coupled nitrifi-
cation/anammox system. This system would result in cost
savings attributed to reduced oxygen consumption in the
nitrification system, reduced carbon demand during the
anaerobic period, and reduced sludge disposal costs.
However, an effective partial nitrification/anammox system
would require high cell density and excellent biomass
retention, suggesting the necessity for a fixed film or immo-
bilized biomass reactor configuration. Compact systems
that increase the volumetric capacity of wastewater systems
have recently been reviewed [37,38]. Biofilm-based reac-
tors (fixed or mobile bed) increase the concentration of
active biomass and the resistance to potentially inhibitory
operating conditions. A waste treatment plant based on par-
tial nitrification followed by anaerobic ammonia oxidation
is scheduled to come online in the Netherlands in 2001
(MSM Jetten, personal communication).

Denitrifying bioreactors are used to convert waste nitrate to
dinitrogen gas, although, under suboptimal conditions, the
conversion of nitrate and nitrite results in nitric or nitrous
oxide (greenhouse gases). One of the operating parameters
in denitrifying systems is the ratio of carbon to nitrogen,
expressed as COD/N (COD stands for chemical oxygen
demand). The nitrogen load is commonly reported as
NO3

–N (nitrate-nitrogen), which is the amount of nitrogen
in the nitrate. The theoretical ratio of carbon to nitrogen
(2.86 mb COD/N) is determined from the balanced chemical
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Figure 3

Regulation of aerobic and anaerobic respiration in B . subtilis by
ResDE . The expression of narDE F and fnr genes is regulated by the
two-component signal transduction regulatory system ResDE . The
FNR anaerobic regulator, in turn, controls the expression of narG HJI,
which encodes membrane-bound nitrate reductase. At the same time,
ResDE is required for the expression of ctaA , which is required for the
biosynthesis of heme a, a component of cytochrome aa3 and caa3
terminal oxidases. Mutation in the resDE region results in an increase
in mRNA levels of cydA B C , which encode the third terminal oxidase
cytochrome, bd. The ResDE system is also required for the expression
of other aerobic and anaerobic genes [4].
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equation for conversion of carbon to carbon dioxide and
water with the concomitant reduction of nitrate [32]. This
ratio increases either as the growth yield increases or with
the formation of storage compounds such as polysaccharides
and polyhydroxyalkanoates (PHA) [39]. We have demon-
strated a correlation between PHA content of the biomass
and denitrification activity (SM Thomas, unpublished
data): as PHA levels increase above ~20%, the specific
denitrification rates are reduced by three- to tenfold. 

Incomplete denitrification (resulting in nitrite as the end
product) could be combined with the anammox physiology
to remove nitrate and ammonia in a single reactor, and
potentially reduce operating costs by requiring less car-
bon for denitrification. Additional system variations that
result in cost savings have also been described by
Verstraete and Philips [40].

Anaerobic mineralization of environmental
pollutants
Aerobic bacteria that are capable of oxidizing aromatic rings
and halogen-containing compounds can be used to miner-
alize environmental pollutants (a good review of micro-
bial metabolism related to bioremediation can be found on
the World Wide Web URL http://umbbd.ahc.umn.edu/
index.html). However, oxygen is often limiting in contami-
nated subsurface environments. Recently, bacteria that can
metabolize common pollutants using nitrate as the end
electron acceptor have been reported. The genus Azoarcus
has the potential to serve as a model system, as it can
metabolize toluene under anoxic conditions, and the
genome sequence for this organism is being generated
(RW Ye, SM Thomas, unpublished data). Additionally, the
biochemistry carried out by these bacteria offer new possi-
bilities for the development of novel biocatalysts for the
production of industrial chemicals.

Bioprocess applications
The solubility limit of oxygen in aqueous solutions is very
low (7.8 milligrams per litre at 30°C), and mass transfer of
oxygen in high density or immobilized cell systems is usually
limiting. Dissimilartory nitrate reduction to dinitrogen gas
could be used in large-scale bioprocess applications to
relieve oxygen limitations. Microorganisms that have been
extensively studied, such as P. denitrificans, could serve as a
production host in these types of systems, as genetic sys-
tems are well-established and genome sequence
information is available (Table 1). Other advantages of this
approach include lower biomass generation and the ability
to use a broad range of organic feed stocks such as methanol,
glucose and fatty acids. In addition, anaerobic promoters
derived from genes involved in anaerobic nitrogen metabo-
lism can be used for gene expression in established
production hosts such as B. subtilis and Escherichia coli. 

Conclusions and future directions
The ability to obtain full genome sequences is one of the
major milestones in microbiology. Complete or partial

genome sequences for several microbes that have inorganic
nitrogen cycle pathways are available (Table 1). The avail-
ability of genome sequences makes functional genomic
approaches, such as DNA microarrays and 2-dimensional
protein gels, feasible. Applied genomic research can be
used to identify genes and patterns of expression that are
critical to the performance of nitrogen metabolism in
industrial applications. The identification of key regulatory
responses can be coupled with reporter systems (such as
green fluorescent protein and bioluminescence) for the
development of online measurement systems. Coupling
the advances related to bacterial nitrogen metabolism
with improved monitors of macroscopic performance
should lead to more robust operating strategies for waste-
water bioreactors. Genomic information, in combination
with traditional biochemical, genetic and ecological stud-
ies, will continue to accelerate our understanding of
inorganic nitrogen metabolism, and thus benefit their
industrial applications.
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