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Abstract

Denitrification is the dissimilatory reduction of nitrate to nitro-

gen gas. This respiratory process requires four enzymes that

produce three obligatory intermediates prior to production of

the terminal product. Denitrification is found in diverse array of

microbes including members of both bacteria and archaea.

However, no bacterium has been described that solely depends

on denitrification as a form of energy generation. All denitrifiers,

with one exception, are aerobes. Genome sequencing has pro-

vided a better appreciation of the distribution of denitrification

genes among microbes. Complete denitrification, the reduction

of nitrate to N2, is less frequent than partial denitrification

among sequenced bacteria. Partial denitrification chains of

nearly all possible arrangments have been found. This includes

chains with only a single enzyme or discontinuous chains of two

or more enzymes.

Nitrate reductase catalyzes the reduction of nitrate to nitrite

and is used in a number of pathways other than denitrification;

therefore, its distribution has not been a focus of this chapter.

Nitrite reductase catalyzes the reduction of nitrite to nitric oxide

and is the defining reaction of denitrification since it is the first

step to produce a gaseous nitrogen oxide. There are two

unrelated types of nitrite reductase, one of which has copper

cofactors while the other contains heme-bound iron. The copper

form has several different subtypes with N- and C-terminal

extensions containing metal-binding sites. Some members of

the Actinobacteria have a particularly large copper nitrite reduc-

tase with a membrane-bound domain of unknown function.

Nitric oxide reductase catalyzes the reduction of nitric oxide to

nitrous oxide. This enzyme is membrane bound and occurs in

two subtypes referred to as cNor and qNor. The former receives

electrons from cytochrome c while the latter carries an
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N-terminal extension allowing it to oxidize quinol. Nitrous

oxide reductase is a soluble copper-containing enzyme with

one of the copper centers, designated the CuZ center, being

unique to this enzyme.

While most model denitrifiers use denitrification to support

growth when oxygen is limiting, this may not be the case in all

bacteria that contain genes encoding denitrification-associated

nitrogen oxide reductases. Bacteria with partial chains consisting

of a single enzyme may use that enzyme for alternative func-

tions. For example, some Staphylococcus aureus subspecies

aureus strains only contain nitric oxide reductase which is likely

used for detoxification of nitric oxide. There are a number of

bacteria which only contain nitrite reductase and the function of

this enzyme is unclear in these organisms since its turnover will

produce nitric oxide, which is toxic due to its reactivity with

metal centers and other compounds.

Environmental studies have found denitrification genes are

nearly universal in environments that receive some exposure to

oxygen. Quantitative studies have found that the genes for

nitrous oxide reductase are frequently underrepresented com-

pared to other denitrification genes. While common in soil and

aquatic environments, denitrifiers are also found in association

with humans. Sequencing of both skin and oral microbiomes

has revealed a significant number of denitrifiers, consistent with

the occurrence of both nitrate and nitrite in these areas.
Introduction

One of the hallmarks of bacteria is the ability to use a wide

variety of compounds as terminal oxidants for respiration.

O2 (O2) respiration provides the most energy and so is the

dominant form of respiration among living organisms. How-

ever, if O2 becomes limiting, many bacteria will continue respi-

ration by switching the terminal electron acceptor to alternative

compounds such as nitrate. Nitrate respiration occurs via two

dissimilar pathways that utilize the same initial substrate but

produce different end products (Canfield et al. 2010). One of

these pathways, termed ammonification (or dissimilatory

reduction of nitrate to ammonia [DNRA]), is carried out by

bacteria such as Escherichia coli, and is marked by reduction of

nitrate to nitrite and then to ammonia. The second pathway of

nitrate respiration is denitrification, which is the reduction

of nitrate to gaseous nitrogen oxides, and then nitrogen gas

(> Fig. 10.1).

The initial step in both denitrification and DNRA is the

reduction of nitrate to nitrite (Richardson et al. 2001). The

next step differentiates the two pathways. In DNRA, nitrite
DOI 10.1007/978-3-642-30141-4_71,
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The biologically mediated nitrogen cycle. DNRA stands for

dissimilatory reduction of nitrate to ammonia. Anammox stands
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undergoes a six electron reduction to ammonia (Simon 2002).

In denitrification, nitrite is reduced to nitric oxide (NO), the

defining step of this pathway (Zumft 1997). This conversion of

a fixed, nongaseous, and biologically preferred form of nitrogen

to a gaseous form is the reason this respiratory process is termed

‘‘denitrification.’’ The enzyme carrying out this reaction will be

referred to as Nir. There are two types of Nir in denitrifiers.

One contains copper and will be referred to as CuNir. The other

contains heme and will be referred to as cd1-Nir. NO is not the

terminal product of denitrification since it can be reduced to

nitrous oxide (N2O) by a membrane-bound nitric oxide reduc-

tase, which will be referred to as Nor. As with Nir, there are two

forms of Nor. One accepts electrons from quinol and will be

referred to as qNor while the other accepts electrons from c-type

cytochromes and will be referred to as cNor. The terminal step in

denitrification is the reduction of N2O to nitrogen gas, N2, by

nitrous oxide reductase, which will be referred to as Nos. The

production of N2 connects denitrification to the nitrogen cycle

via nitrogen fixation. While N2 is the terminal product of the

pathway, it is important to note that it is not the case that

a bacterium either has four enzymes of the denitrification path-

way or none. Many bacteria have truncated or partial pathways

that sometimes only include a single enzyme.

The biologically mediated nitrogen cycle is shown in
> Fig. 10.2. Nitrogen fixation produces ammonia. This ammo-

nia, and the ammonia produced by DNRA, can be converted by

nitrifying bacteria to nitrite and nitrate, substrates for denitrifi-

cation. The anaerobic oxidation of ammonia, anammox, also

results in the reduction of nitrogen oxides to N2 but is distin-

guished from denitrification by using electrons from ammonia

(Martinez-Espinosa et al. 2011). Gayon and Dupetit carried out

the first systematic study of nitrate conversion to gaseous forms

of nitrogen in 1882 (Gayon andDupetit 1882). Noting the loss of

nitrate fromdecomposing sewage, they called it ‘‘denitrification’’

and were the first to isolate denitrifying bacteria (Gayon and

Dupetit 1886), which they dubbed Bacterium denitrificans a and

b. In the early stages of the study of denitrification, it was

erroneously assumed that nitrate was releasing, and thus sup-

plying, elemental O2 to organisms that subsequently carried out

a reaction equivalent to O2 respiration. The observation of

denitrification, although biologically significant, was unsettling

to agronomists who soon realized that the addition of organic

matter to soils could lead to the loss of fixed nitrogen. The

agricultural importance of the process provided the impetus

for much of the early work on denitrification, and by the end

of the nineteenth century, denitrification had been reasonably

well defined.

Significant interest in the agricultural impact of denitrifica-

tion has continued to be an important focus of research efforts.
However, with the realization that NO and N2O play important

roles in atmospheric and biological chemistry, research empha-

ses have shifted to the environmental consequences of denitrifi-

cation and the molecular mechanisms of enzymes and gene

regulation (Brunekreef and Holgate 2002; Canfield et al. 2010;

Ravishankara et al. 2009; Richardson et al. 2009).
Defining the Denitrifiers

Denitrification is most frequently, but not always, used as

a respiratory process. That is, reduction of nitrate and other

intermediates proceeds through a series of protein complexes

which results in the production of a protonmotive force that can

be used to generate ATP (van Spanning et al. 2007; Zumft 1997).

Prokaryotes, mostly Bacteria, and a few Archaea, constitute the

vast majority of organisms capable of denitrification. A number

of fungal isolates carry out reduction of nitrate to N2O, but the

contribution of this reduction to cell growth is variable (Kim

et al. 2009; Nakanishi et al. 2010). More recent work has also

found denitrification can occur in somemulticellular eukaryotes

(Risgaard-Petersen et al. 2006). With one or two exceptions,

denitrifiers also respire O2 and, because it is usually available at

higher concentrations and its reduction provides more energy to
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the cell, O2 is the preferred electron acceptor. There are no

bacteria known in which denitrification is the only means of

producing ATP, meaning denitrification is never an essential

physiological trait.

The four separate enzymes catalyzing nitrate reduction to N2

produce freely diffusible products and catalyze reactions

with a negative DG, making each step energetically favorable

(Zumft 1997). This means each enzyme can potentially be an

autonomous electron-accepting unit and, by extension, no rea-

son a denitrifying bacterium must catalyze the complete reduc-

tion of nitrate to N2. While a few partial denitrifiers were found

in the pre-genomic era (Denariaz et al. 1989; Greenberg and

Becker 1977; Toffanin et al. 1996), genome sequencing has

revealed partial denitrification is widespread. The occurrence

of partial denitrification pathways makes defining a bacterium

as a ‘‘denitrifier’’ somewhat tricky. Are denitrifiers only those

bacteria that reduce nitrate to N2 or should the definition be

more inclusive? For this chapter, a denitrifier is taken as any

bacterium that has Nir, Nor, or Nos. Nitrate reductase is

excluded since it is not unique to denitrification. Using this

definition, a bacterium such as Escherichia coli, which can reduce

nitrate and nitrite, is not considered a denitrifier because it

reduces nitrite to ammonia and does not have denitrifying

type enzymes for the reduction of NO or N2O (Simon 2002).

In contrast, a bacterium such as Wolinella succinogenes is con-

sidered a denitrifier because it contains Nos, which can be used

to support growth under anoxic conditions (Yoshinari 1980).

Like E. coli, W. succinogenes can reduce nitrate to ammonia but

this does not impact its categorization as a denitrifier (Bokranz

et al. 1983). Because of this delimiting, nitrate reductase will not

be a focus of this chapter.
Phylogenetic Distribution of Denitrification

In the pre-genomic era, establishing a bacterium was

a denitrifier entailed testing its ability to grow under O2-limiting

conditions with nitrate most frequently provided as terminal

oxidant (Payne 1981). As a consequence, nearly all denitrifiers

characterized were complete denitrifiers that showed robust

growth under denitrifying conditions. This perhaps gave

a somewhat inaccurate perception that denitrifiers would all

grow well under anoxic conditions and produce N2. However,

with genome analysis supplanting phenotypic assignment as the

principal means of identifying denitrifiers, both complete and

partial denitrifiers can be identified, allowing a more accurate

assessment of the actual phylogenetic distribution of denitrifi-

cation genes. The diversity uncovered by this analysis and the

often patchy gene distribution makes it unrealistic to provide

a complete list of all denitrifiers. Therefore, in the discussion

below, only representative examples will be described. Much of

this analysis was generated by searches of genomes available

through the DOE IMG website (http://img.jgi.doe.gov/cgi-bin/

w/main.cgi).

Archaea: Several denitrifying Archaea were characterized in

the pre-genomic era, so it has been known for some time that
denitrification occurred in this group. Genome sequencing has

revealed additional denitrifiers. With one exception, all the

known archaeal denitrifiers are also capable of aerobic respira-

tion. One review on denitrification in Archaea is available

(Cabello et al. 2004).

Euryarchaeota: A number of halophilic Euryarchaeota are

denitrifiers. This includes members of theHaloarcula,Haloferax,

and Halomicrobium genera (Inatomi and Hochstein 1996;

Mancinelli and Hochstein 1986). Ferroglobus placidus DSM

10642 is another member of this phylum with denitrification

genes. This bacterium is particularly unique in that it has been

reported to be an obligate anaerobe capable of denitrification

(Vorholt et al. 1997). Recent sequencing of this bacterium’s

genome has shown this phenotypic characterization is accurate

since it lacks genes encoding proteins required for O2 respira-

tion. Despite this, F. placidus does have a respiratory-based

physiology since its main mode of energy generation is to use

Fe(II) as reductant and either nitrate or thiosulfate as terminal

oxidant (Hafenbradl et al. 1996). Analysis of the genome of

F. placidus reveals the presence of a nitrate reductase, a qNor

and Nos. Unexpectedly, there is no obvious Nir of either the

copper- or heme-containing type. Biochemical data suggest the

bacterium has nitrite reductase capacity (Vorholt et al. 1997).

However, the rates of NO production were slow and initial

characterization of this bacterium suggested nitrite was the

major product of nitrate reduction (Hafenbradl et al. 1996). It

is strange this bacterium, which is a strict anaerobe, would have

lost the capacity to reduce nitrite.

Crenarchaeota: Members of the genus Pyrobaculum, which

are hyperthermophilic Crenarchaeota, have been found to be

robust denitrifiers (Volkl et al. 1993). A qNor has been purified

from Pyrobaculum aerophilum (de Vries et al. 2003). Genome

analysis indicates this bacterium also has a cd1-Nir, which has

not been purified (Cabello et al. 2004). The genome also encodes

the genes for a nitrate reductase but lacks the genes encoding the

catalytic subunit of Nos. However, this bacterium has been

shown to produce N2 as a major end product during denitrifi-

cation, suggesting the presence of a novel N2O reductase (Volkl

et al. 1993). It might be predicted then that the extremophilic

nature of this bacteria might be the reason for a novel Nos.

However, one member of this genus, Pyrobaculum calidifontis

JCM 11548, has a nos gene cluster, suggesting hyperthermophilic

conditions do not require a novel protein for N2O reduction.

Genome sequencing has revealed several Sulfolobus species,

which are also Crenarchaeota, are partial denitrifiers. They have

extremely truncated denitrification pathways since they only

contain qNor. A few other genera within the Crenarchaeota

including Vulcanisaeta, Acidilobus, and Caldivirga also contain

species that have a qNor as their only obvious nitrogen oxide

reductase.

The denitrification components of these Archaea have not

been characterized extensively. A copper-containing nitrite

reductase has been purified from Haloferax denitrificans and

was shown to be spectroscopically similar to related eubacterial

nitrite reductases (Inatomi and Hochstein 1996). A CuNir as

well as a dissimilatory nitrate reductase have been purified from

http://img.jgi.doe.gov/cgi-bin/w/main.cgi
http://img.jgi.doe.gov/cgi-bin/w/main.cgi
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Haloarcula marismortui (Ichiki et al. 2001; Yoshimatsu et al.

2000). The qNor purified from P. aerophilum has many similar-

ities to orthologs from Eubacterial sources (de Vries et al. 2003).

While limited, these studies confirm the nitrogen oxide reduc-

tases of the Archaea are orthologous with those found in the

Eubacteria.

One other notable archaeon with CuNir is the nitrifying

archaeon Nitrosopumilus maritimus. This bacterium has two

nirK genes, the designation for genes encoding CuNir, but

lacks any obvious Nor or Nos. (Walker et al. 2010). The proteins

encoded by these genes have high similarity suggesting they are

paralogous. The genome of this bacterium is enriched for genes

encoding copper-containing proteins perhaps explaining the

CuNir duplication. Nitrite has been proposed as an alternate

terminal electron acceptor, but it is not clear how cells would

cope with the NO generated by this reaction (Walker et al. 2010).

Eubacteria: Denitrification genes are widely distributed

among the eubacteria, and current evidence indicates they are

only found in eubacteria capable of aerobic growth. Most of the

characterized denitrifiers in the eubacteria belong to the

proteobacteria. Due to the relative paucity of understanding of

denitrification among non-proteobacterial denitrifiers, they

have been placed into one section.
Non-proteobacterial Denitrifiers

Firmicutes: The frequency of denitrification among firmicutes is

uncertain. Importantly though, it is relatively uncommon

among most of the model organisms used to study this group.

In the genus Bacillus, for example, denitrification is not consid-

ered important since most strains of Bacillus subtilis are not

denitrifiers. However, a recent study of denitrification in

a large collection of Bacillus strains suggested that denitrification

occurred in nearly half (Verbaendert et al. 2011). No complete

denitrifiers are currently found among those Bacillus species

whose genomes have been sequenced. This may only be tempo-

rary though since some Bacilli are known to be complete deni-

trifiers. For example, strains of Bacillus azotoformans have been

shown to be denitrifiers (Mahne and Tiedje 1995). More

recently, a variety of bacilli were tested for gas production

under denitrifying conditions and found to be complete deni-

trifiers (Jones et al. 2011). Genome sequencing has revealed the

potential for partial denitrification in some Bacillus species. For

example, qNor is present in Bacillus tusciae strain DSM 2912 and

some Bacillus licheniformis strains, but these are their only deni-

trification enzymes.

Denitrification is more common among sequenced

Geobacillus than Bacillus species. Some species in this genus are

complete denitrifiers, including Geobacillus sp. G11MC16 and

Geobacillus thermodenitrificans NG80-2. These are among only

a few gram-positive bacteria in which the nos gene cluster has

been found. Many others strains including Geobacillus

kaustophilus HTA426 lack nos. The G. kaustophilus strain is

also notable because it lacks a respiratory nitrate reductase

while the others have the genes for this enzyme.
Abbreviated denitrification pathways are found in strains of

both Lactobacillus and Staphylococcus. Genome sequencing has

found strains in both genera have qNor but lack Nir and Nos.

qNor distribution among the staphylococci is somewhat limited

with a number of the S. aureus subsp. aureus strains having

the gene encoding this protein, while it is totally absent in the

S. aureus genomes. The region of the genome containing the

gene encoding qNor in these staphylococci is syntenic,

suggesting it has not been a recent acquisition. qNor function

in these bacteria is likely to detoxify NO, although this has not

been demonstrated. Many of these same strains also have

a membrane-bound dissimilatory nitrate reductase. Nitrate

reductase appears to be coupled to a cytoplasmic NADH-

dependent nitrite reductase which reduces nitrite to ammonia

(Schlag et al. 2008). Several strains of Lactobacillus fermentans

have a Nor but are the only lactobacilli to have this gene. These

Lactobacillus species possess a nitrate reductase but lack any type

of nitrite reductase. Some Lactobacillus such as Lactobacillus

plantarum WCFS1 and JDM1 have been found to have nitrate

reductase but lack Nir or Nor. In WCFS1, nitrate reductase

expression is repressed by glucose and its activity requires exog-

enous heme and ubiquinol (Brooijmans et al. 2009). Nar activity

in these strains can be used to support growth.

Another interesting Firmicute with the capacity for nitrogen

oxide reduction is Symbiobacterium thermophilum. This bacte-

rium is obligately syntrophic with its growth being dependent

on the presence of Geobacillus stearothermophilus (Ueda et al.

2004). Genome analysis has shown that S. thermophilum con-

tains a CuNir and a periplasmic nitrate reductase. Unexpectedly,

it lacks Nor. It is uncertain if its Geobacillus partner contains an

NO reductase since its genome has not been sequenced. Another

Symbiobacterium species, Symbiobacterium toebii, has been

shown to be able to grow under anoxic conditions by reducing

nitrate (Rhee et al. 2002). Under these conditions, nitrite accu-

mulated stoichiometrically, indicating it lacks a nitrite reduc-

tase. Other Firmicutes with Nir while lacking Nor can be found

in the genus Thermaerobacter. Thermaerobacter subterraneus and

marianensis both have a CuNirK but lack any detectable Nor.

They also both lack a nitrate reductase.

Actinobacteria: The majority of the actinobacteria capable of

denitrification have a severely truncated denitrification pathway.

A good example of this is provided by several Actinomyces

species which only have only a nitrate and nitrite reductase.

For example, genome analysis suggests Actinomyces coleocanis

DSM 15436 and Actinomyces odontolyticus ATCC 17982 can

reduce nitrate to NO but apparently lack the Nor necessary to

reduce this toxic compound to nontoxic nitrous oxide.

A number of members of the genus Corynebacterium also have

truncated chains. Corynebacterium pseudogenitalium ATCC

33035 has a CuNir but appears to lack all the other nitrogen

oxide reductases, including nitrate reductase. Several other

strains, including Corynebacterium efficiens YS-314, have both

a nitrate and nitrite reductase but lack Nor. A few other strains,

including Corynebacterium diphtheriae NCTC 13129, have Nar,

CuNir, and a qNor, indicating they could reduce nitrate to N2O

but lack an obvious nos ortholog.
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Another member of this group with a truncated denitrifica-

tion pathway is Jonesia denitrificans. This bacterium’s genome

has been sequenced and it has been found to have a membrane-

bound Nar and a CuNir (Pukall et al. 2009). There are no

obvious Nor- or Nos-encoding genes. The Bergey’s description

of this bacterium states that it is facultatively anaerobic and can

reduce nitrate to nitrite. There is no mention of gas from nitrate

in the description, consistent with genome predictions. This

indicates that despites its name, Jonesia denitrificans is only

a very limited denitrifier. It is puzzling that this bacterium can

grow as a denitrifier since the product of its denitrification

chain, NO, is toxic.

Denitrification seems to be an important trait in Propioni-

bacterium acnes since all sequenced strains contain denitrifica-

tion genes. All of the strains have a membrane-bound nitrate

reductase, a unique CuNir and a qNor but lack Nos. As expected,

isolates of this strain have been found to obtain a growth benefit

from the presence of nitrate and that nitrous oxide is the final

product of nitrate reduction (Allison and Macfarlane 1989).

Even though the physiology of Propionibacterium is traditionally

associated with fermentation, they are aerotolerant and encode

genes whose products are associated with O2 respiration, indi-

cating respiration is an important part of their bioenergetic

capacity. Sequence of the skin microbiome has found Coryne-

bacterium, Propionibacterium, and Staphylococcus species are

present in high numbers (Kong 2011). Since denitrification is

common in these genera, it suggests nitrate or other nitrogen

oxides are frequently present in this environment. This has been

borne out by the finding that both nitrate and nitrite are present

in sweat although the source of these compounds is uncertain

(Mowbray et al. 2009).

Mycobacterium is another medically important genus in the

Actinobacteria whose members contain denitrification genes.

Strains including Mycobacterium avium 104, Mycobacterium

intracellulare ATCC 13950, and Mycobacterium parascro-

fulaceum ATCC BAA-614 contain a qNor but no other denitri-

fication genes. It is likely this protein is used for mitigating

NO toxicity. However, in this context, it is perhaps unexpected

that none of the Mycobacterium tuberculosis strains, which will

encounter host-produced NO during infection, contain an NO

reductase or other denitrification genes (Voskuil et al. 2011).

Assorted others: Avariety of other non-proteobacteria species

have bits and pieces of the denitrification pathway. Various

strains in the family Flavobacteriaceae, which are members of

the Bacteroidetes phylum, are partial denitrifiers. Some, like

Capnocytophaga ochracea strain ATCC 27872, have only one

gene, in this case a qNor. In contrast, the related Capnocytophaga

gingivalis JCVIHMP016 lacks Nor but has a CuNir and a Nos.

Another pattern is exhibited by Capnocytophaga sputigena

Capno which has a CuNir and a qNor. These bacteria are addi-

tional examples of bacteria associated with human surfaces since

all three were isolated from the oral cavity (http://www.homd.

org/index.php#).

Nonhuman associated members of the family Flavobac-

teriaceae also contain denitrification genes. Robiginitalea

biformata HTCC2501, which was isolated from the Sargasso
Sea, encodes a Nos but no other denitrification genes. The

same is true for Gramella forsetii KT0803, which was isolated

from the North Sea. In contrast, Maribacter sp. HTCC2170

which was isolated off the Oregon coast has the complete set of

denitrification genes including cNor. This bacterium, along with

Marivirga tractuosa DSM 4126, is the only member of the

phylum Bacteroidetes that has a cNor. The latter also has

a CuNir and a Nos. Flavobacterium johnsoniae UW101, a soil

isolate, has CuNir and qNor but lacks Nos.

A few cyanobacteria contain denitrification genes. Analysis

of the genome sequence of Synechocystis sp. PCC 6803 showed

that it encodes a qNor and a transcriptional regulator that may

regulate expression of this enzyme (Kaneko et al. 1996). The

same is true for Arthrospira sp. PCC 8005. Acaryochloris marina

MBIC11017 has two related copies of genes encoding a quinol-

oxidizing Nor. It lacks all other denitrification genes. It is not

obvious why any of these free-living bacteria would require the

activity of a NO-reducing enzyme.

Several members of the genus Chloroflexus, including

Chloroflexus aurantiacus J-10-fl and Chloroflexus sp. Y-400-fl,

have a CuNir. Unexpectedly, this is the only denitrification

gene they possess. Chthoniobacter flavus Ellin428, a member of

the phylum Verrucomicrobia, also only has a CuNir. Opitutus

terrae PB90-1, another member of the Verrucomicrobia, has

a CuNir and Nos but lacks genes for Nor.

Two members of the Leptospira, which is within the phylum

Spirochaetes, are denitrifiers. Both strains of Leptospira biflexa

Patoc 1, Ames and Paris, are complete denitrifiers. They possess

cNor and a CuNir. These are nonpathogenic, saprophytic mem-

bers of this genus (Picardeau et al. 2008). None of the pathogenic

Leptospira have denitrification genes.

One of the most interesting denitrifiers isolated recently is

Candidatus ‘‘Methylomirabilis oxyfera.’’ This is a novel

methylotroph capable of coupling methane oxidation to deni-

trification (Ettwig et al. 2010). Metagenome analysis has

revealed the presence of a cd1-Nir and three copies of genes

encoding qNor. The genome lacks the nos gene cluster which

was unexpected since a culture highly enriched with this bacte-

rium produced N2 from nitrite, which is the preferred nitrogen

oxide substrate. Recent studies suggest N2O is produced by

a novel mechanism in which two molecules of NO are

dismutated to produce N2 and O2 with the liberated O2 being

used for methane oxidation (Wu et al. 2011).

Proteobacteria: The majority of denitrifiers are found in the

phylum Proteobacteria. The proteobacteria have been

subdivided into five classes: a, b, g, d, and e. Denitrifiers have
been found in all of these subdivisions and so each will be

discussed separately.

d Proteobacteria: While this subdivision contains a number

of strict anaerobes some members do possess denitrification

genes. A number of these are members of the genus Geobacter,

including Geobacter metallireducens strain GS-15, Geobacter sp.

M18, and Geobacter sp. FRC-32 which have only the qNor

(> Fig. 10.3). G. metallireducens strain GS-15 can grow

anaerobically with nitrate but it reduces it to ammonia

(Lovley and Phillips 1988). Geobacter bemidjiensis strain Bem

http://www.homd.org/index.php#
http://www.homd.org/index.php#
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Phylogenetic tree derived fromNor sequences from theD proteobacteria. Strains withmore than one Nor are indicated by colored boxes,

with each Nor from a single strain having the same color. qNor and cNor variants are indicated by the bracketed regions
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and Geobacter sp. strain M21, also have qNor. Unexpectedly,

these two strains also have cNor as well (> Fig. 10.3). No strain

has the cNor alone. The qNor in G.metallireducens strain GS-15

is more closely related to the qNor inDesulfovibrio sp. FW1012B,

another d proteobacterium, than otherGeobacter strains. Several

species in the genus Anaeromyxobacter, such as

Anaeromyxobacter sp. Fw109-5, have qNor and Nos but lack

nitrite reductase. The Fw109-5 strain also contains a cNor but

is the only member of this genus to do so. Anaeromyxobacter sp.

strain K is noteworthy because it has three copies of genes

encoding qNor. Identity between the three copies is low,

about 40 %, making it difficult to determine if the genes are

paralogous. These bacteria also can reduce nitrate to ammonia

(Sanford et al. 2002).

Another interesting member of the d subdivision with

a partial denitrifying pathway is Bdellovibrio bacteriovorus

HD100, which has a CuNir and a cNor but no Nos (Rendulic
et al. 2004) (> Fig. 10.3). The nirK gene product forms a clade

with Nir from g proteobacteria including Ralstonia and

Burkholderia. The nor gene cluster of this bacterium is most

closely related to putative orthologs from Leptospira, which are

members of the phylum Spirochaetes. Since Bdellovibrio are

bacteriovorus, it is possible these genes were acquired via some

type of horizontal gene transfer (HGT). The G+C content of the

Bdellovibrio genome is about 51 %. If HGT was the source of

these genes in Bdellovibrio, this might be detected by anomalous

G+C content. The bacteria with the most closely related CuNir

have a higher G+C than Bdellovibrio while the Leptospira species

have a lower G+C content than Bdellovibrio. However, the genes

encoding the CuNir and cNor in Bdellovibrio have near back-

bone average G+C content, so their exact source remains

unclear.

One other interesting member of the d subdivision is

Syntrophobacter fumaroxidans MPOBT. This bacterium was
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isolated from anaerobic sludge and is a propionate oxidizer in

the presence of hydrogen- and formate-utilizing bacteria

(Harmsen et al. 1998). It is described as a strict anaerobe but

its genome revealed the presence of a bd-type oxidase that could

be used for O2 respiration as well as the presence of a qNor but

no other denitrification genes.

e Proteobacteria: A number of strains of Campylobacter,

which, in general, are important human pathogens, have trun-

cated denitrification chains. For example, Campylobacter

concisus (strain 13826) and Campylobacter curvus (strain

525.92) both have a quinol-oxidizing Nor and Nos. Campylo-

bacter rectus RM3267 and Campylobacter fetus subsp. fetus strain

82-40 lack the Nor but retain Nos. Other members of the

order Campylobacterales such as Wolinella succinogenes also

only have a Nos present in the genome. This bacterium along

with several of the Campylobacter have been shown to be able to

grow using N2O as a terminal electron acceptor (Payne et al.

1982; Yoshinari 1980). It is interesting though that none of these

bacteria have a NO-producing Nir, requiring that either the NO

or N2O needed for denitrification be produced by an exogenous

source.

Sulfurimonas (Thiomicrospira) denitrificans ATCC 33889,

another member of the order Campylobacterales, is a complete

denitrifier with a heme type nitrite reductase and a cNor. It also

has two copies of the gene encoding the substrate-binding

subunit of Nos in its genome but only one set of the accessory

genes required for assembly of the copper-containing cofactors.

This bacterium was isolated from a hydrothermal vent (Sievert

et al. 2008). Other e proteobacterial denitrifiers have been iso-

lated from hydrothermal vents such as,Nitratiruptor sp. SB155-2

which is a complete denitrifier with a cd1-Nir and a cNor

(Nakagawa et al. 2007). Nitratifractor salsuginis DSM 16511

was isolated from the same hydrothermal vent system as the

Nitratiruptor sp. and also has a cd1-Nir, cNor, and Nos

(Nakagawa et al. 2005). These latter two bacteria are not mem-

bers of the Sulfurimonas.

a Proteobacteria: Denitrification is a very common trait

among the a subdivision of the proteobacteria. Probably the

best studied denitrifier, Paracoccus denitrificans, is a member of

this group (Baker et al. 1998). This bacterium is a complete

denitrifier with a cd1-Nir and a cNor. While complete denitrifi-

cation is common among members of this subdivision, there is

also significant variation in pathway length, reflecting the varied

roles of the N-oxide reductases and the evolutionary histories of

the various strains. A good example of this is provided by the

photosynthetic a-proteobacterium Rhodobacter sphaeroides.

Rhodobacter sphaeroides 2.4.3 has the genes for all four nitrogen

oxide reductases; however, a transposase IS4 family protein has

disrupted the nos operon, resulting in N2O being the terminal

pathway product (Hartsock and Shapleigh 2010) (and

unpublished). R. sphaeroides KD131 has the genes for CuNir,

cNor, and Nos but lacks a dissimilatory nitrate reductase (Lim

et al. 2009). The type strain, R. sphaeroides 2.4.1, only has Nap

and cNor (Mackenzie et al. 2001). The remaining sequenced

strain, 2.4.9, only has cNor. So the only N-oxide reductase

structural genes they have in common are the ones encoding
Nor, which are located in the same location on chromosome I in

all the strains. The gene for CuNir is also located in a syntenic

region of chromosome I in both 2.4.3 and KD131. Both 2.4.1

and 2.4.9 appear to have had nirK but have lost it by deletion.

The nitrate reductase is on a plasmid in 2.4.1 that is not present

in 2.4.9, which otherwise is highly similar to the type strain

(Choudhary et al. 2007). The nitrate reductase common to

2.4.1 and 2.4.3 is also on a plasmid but not in a syntenic region.

The 2.4.3 strain encodes a second nitrate reductase that is

located on chromosome II. This second nitrate reductase is of

a type more commonly found in members of the g-
proteobacteria, suggesting acquisition via HGT. The nos gene

cluster is found on chromosome II in 2.4.3 but on a plasmid in

KD131 and there is no conservation of flanking genes. All the

denitrification genes in these strains have G+C content and

codon usage bias that is indistinguishable from backbone

norms.

As mentioned above, the ability to grow under denitrifying

conditions was the main test for determining if a bacterium

was a denitrifier in the pre-genomic era. It can be seen

from the example with R. sphaeroides that only the 2.4.3 strain

would likely show up in a phenotypic survey. However, even

this is somewhat in doubt since 2.4.3 grows quite poorly as

a denitrifier (Michalski and Nicholas 1988). A similar result

was observed with Agrobacterium tumefaciens, which has

genes for Nap, CuNir, and a cNor but lacks genes for Nos.

This bacterium is frequently referred to as aerobic because its

denitrification growth rate is quite slow, particularly compared

to robust denitrifiers such as P. denitrificans. This poor growth

trait is probably common among natural isolates and would

lead to an underestimation of denitrifiers in the environment

if culture techniques were the primary method of enumeration.

Other interesting denitrifying members of this subdivision

include a number of strains which have Nir but lack Nor and

Nos. For example, there are currently six members of the family

Phyllobacteriaceae with sequenced genomes. Two of these,

Mesorhizobium opportunistum WSM2075 and Chelativorans

(formerly Mesorhizobium) sp. BNC1, have a denitrification

pathway consisting only of a CuNir. The latter strain actually

has two copies of the nitrite reductase gene. A third member of

this family, Parvibaculum lavamentivorans DS-1, has a CuNir

and a qNor. The CuNir of the latter does not cluster with the

CuNir of the other two Phyllobacteriaceae. Instead, it clusters

with a group of orthologs found in bacteria such as Azospirillum

and Hyphomicrobium in a larger group that also includes

Polaromonas and Nitrospira, which are b-proteobacteria
(> Fig. 10.4). The qNor in P. lavamentivorans DS-1 is also not

closely related to proteins from other a proteobacteria but is

more closely related to orthologs from Rhodanobacter. These

data suggest the denitrification genes in these Phyllobacteriaceae

were acquired by HGT, but as with the other examples, exami-

nation of DNA sequence does not provide evidence in support

of this conclusion. The Nir-only pathway variation is not

restricted to the Phyllobacteriaceae since Octadecabacter

antarcticus 307, a member of the family Rhodobacteraceae, also

only contains a pathway consisting of only CuNir.



. Fig. 10.4

Phylogenetic tree derived from CuNir sequences from a, b, and g proteobacteria and a few additional non-proteobacteria.

a proteobacteria are highlighted in blue, b proteobacteria in green, and g proteobacteria in pink. The strains highlighted inmarigold are

non-proteobacteria
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Some members of this subdivision also contain multiple

Nir-encoding genes which seem unlikely to be a result of gene

duplication but reflect independent origins. For example,

Afipia sp. 1NLS2 has three copies. One of these is significantly

longer than the other two due to presence of an additional

cytochrome c–binding domain. The other two proteins are

dissimilar from each other, with one grouping with CuNir

from Nitrosomonas and Nitrobacter while the other clusters

with orthologs from members of the genus Rhodopseudomonas

(> Fig. 10.4). The Afipia strain is a complete denitrifier and it is
uncertain if the three nirK are functionally redundant or serve

distinct physiological purposes. Oligotropha carboxidovorans

strain Om5 also has two distinct nirK genes with one having

a c-type cytochrome domain while the other does not. This

bacterium lacks Nor but has Nos. The region of the genome

containing the nos gene cluster as well as the genes encoding Nar

is not present in the nearly identical Om4 strain (Volland et al.

2011). Evidence suggests Om5 is the ancestor and the genes have

been lost from Om4. Neither nirK is located in this unconserved

region.
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The most heavily sequenced a-proteobacterial genus with
denitrifying members is Brucella. Brucella species are zoonotic

pathogens that are no longer free-living (Roop et al. 2009).Many

strains from a variety of mammalian hosts have been sequenced.

Nearly all are complete denitrifiers. This is not too surprising

since this genus is in the order Rhizobiales, which includes many

other denitrifiers. Since Brucella are intracellular pathogens, it is

likely they are undergoing genome reduction (Wattam et al.

2009). Surprisingly, there is not much evidence of an enhanced

rate of loss of denitrification genes. All sequenced strains seem to

have an intact cNor-encoding gene cluster. Only one sequenced

strain, B. neotomae, lacks nirK and has been shown to lack Nir

activity (Baek et al. 2004). The presence of nos is more variable.

Most strains have an intact gene cluster but in a number there

has been an accumulation of stop codons. For example, in B.

melitensis ATCC 23457, the nosZ gene, which encodes the cata-

lytic subunit, contains a single stop codon at about the middle of

the orf. All of the other nos subunits, required for assembly of the

copper-containing prosthetic groups, remain intact. However,

the inactivation of nos also occurs in free-living denitrifiers. For

example, two strains of Ochrobactrum, free-living close relatives

of Brucella, have been sequenced. One, Ochrobactrum anthropi

ATCC 49188, is a complete denitrifier, while the other,

Ochrobactrum intermedium LMG 3301, lacks the nos cluster

(Chain et al. 2011). The O. anthropi strain is another example

of an a-proteobacterium with two nirK genes. One has the nirV

gene that has been shown to form an operon with nirK in many

a-proteobacteria (Jain and Shapleigh 2001) and is in a region of

the genome with other denitrification genes. The second copy

lacks nirV and is not proximal to other denitrification genes,

suggesting it may not be required for denitrification. The two

genes are not closely related (> Fig. 10.4).

In general, most a-proteobacterial denitrifiers possess cNor.
However, a few bacteria such as Sphingomonas wittichii RW1

have qNor. Another a-proteobacteria with a qNor is

Pseudovibrio sp. JE062, which is a complete denitrifier, and its

Nor is related to the one found in S. wittichii. Interestingly,

Pseudovibrio is another bacterium with both qNor and cNor.

The genes encoding the latter are found in a cluster with other

denitrification genes, suggesting it may be used during denitri-

fication growth. The function of the qNor is uncertain. The

occurrence of Nir is not so biased, with both CuNir and cd1-

Nir denitrifiers being common among a-proteobacteria. Some

closely related denitrifiers, such as P. denitrificans and R.

sphaeroides, both members of the family Rhodobacteraceae,

have different types of nitrite reductases, with the former having

a cd1-Nir and the latter a CuNir.

Another interesting group of a-proteobacteria with denitri-

fication genes are nitrifiers of the genus Nitrobacter. The three

sequenced representatives of this genus all contain a CuNir.

These bacteria lack Nor as well as Nos. The Nir in these bacteria

is particularly short, only 300 residues versus the 365–370 resi-

due long proteins other Bradyrhizobiaceae, of which Nitrobacter

is a member. This shorter version is also found in Sphingomonas

wittichii RW1 and some other a-proteobacteria that are not

nitrifiers. The function of the nitrite reductase in nitrifiers is
not clear (Beaumont et al. 2004; Cua and Stein 2011;

Kampschreur et al. 2007).

b Proteobacteria: The b proteobacterial class also includes

many organisms with denitrification genes. The most heavily

represented in genome databases are members of the genus

Burkholderia. Burkholderia mallei is the causative agent of glan-

ders and is derived from Burkholderia pseudomallei, which can

be isolated from tropical soils (Galyov et al. 2010). B. mallei has

undergone genome reduction and has lost the ability to survive

in the environment. All of the B. mallei strains have CuNir and

a qNor but some have lost Nos. All of the sequenced strains of B.

pseudomallei appear to be complete denitrifiers. Despite the

frequent occurrence of denitrification, there has been very little

research on this genus’ denitrification capacity. Genome analysis

indicates these bacteria have a number of unique denitrification-

related traits. Most strains have two CuNir-encoding genes. One

of these is adjacent to and may form an operon with a gene

encoding a qNor. The other gene does not cluster with other

denitrification genes. While each CuNir is highly conserved

when aligned against orthologs from other Burkholderia,

paralogs have only about 40 % identity (> Fig. 10.4). Interest-

ingly, one of the two forms is lacking a histidine residue known

to be a ligand for one of the copper cofactors in CuNir. This

indicates this protein would be inactive. This putatively inactive

Nir is encoded by the nirK adjacent to nor. However, this is not

the only gene encoding a Nor ortholog in Burkholderia. As with

nirK, there is a second nor not clustered with other denitrifica-

tion genes. Also, as with nirK, the nor orthologs are highly

conserved but the paralogs less so. Unlike with nirK, both copies

of the nor genes possess the His residues required for ligand

binding in nearly all the strains. In a few cases, the nor gene

adjacent to nirK has lost conserved His required for cofactor

binding or has undergone frame shifts. This suggests the clus-

tered nirK-nor region may have been supplanted by other copies

of these genes located elsewhere in the genome and is being lost

through site-specific mutation and orf inactivation.

Two other b proteobacterial genera, Ralstonia and Thauera,

have many denitrifying members. These genera are common soil

isolates, particularly from environments contaminated with aro-

matic carbon compounds (Parales et al. 2008). The former is

member of the family Burkholderiaceae while the latter is a

member of the Rhodocyclaceae. Not all members of the Ralstonia

are complete denitrifiers. All sequenced strains have a qNor but

some lack the CuNir that is found in others. The nos-encoding

gene cluster is also not present in all strains. Cupriavidus necator,

which was originally designated Ralstonia eutropha H16, has a

cd1-type Nir. This strain also has two copies of the gene encoding

qNor. Only one strain of Thauera, Thauera sp. MZ1T, has

a completed genome at this time and it is a complete denitrifier.

It has a cNor and a cd1-type nitrite reductase. Like many

Ralstonia and Thauera strains, Polaromonas naphthalenivorans

CJ2 was isolated because of its ability to degrade aromatic

pollutants (Jeon et al. 2003). Subsequent genome analysis indi-

cates this bacterium is a denitrifier with a CuNir and a qNor

(Yagi et al. 2009). Attempts to grow this bacterium as a denitri-

fier have failed (Madsen 2011, personal communication).
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Denitrification is a common characteristic of most species in

the genus Neisseria, a well-studied member of the b subdivision.

All of the Neisseria gonorrhoeae sequenced to date contain genes

for CuNir and qNor. The two genes are adjacent but divergently

transcribed. All of these strains also contain the nos gene cluster.

Even though they have the cluster, they lack Nos activity since

the Nos structural gene encodes a truncated protein lacking

residues critical for binding one of the copper cofactors (Barth

et al. 2009). None of these strains seems to have a nitrate reduc-

tase, suggesting that nitrite is the principal nitrogen oxide encoun-

tered in their natural environment. Most strains of Neisseria

meningitidis also have a nirK and an adjacent qNor-encoding

gene (Barth et al. 2009). However, in a couple of strains, these

genes are inactivated. InNeisseria meningitidis C, 8013 both nirK

and nor are pseudogenes. Interestingly, in Neisseria meningitidis

053442 ST-4821, the nirK has been displaced by a putative

transposon. None of the Neisseria meningitidis strains have the

entire nos gene cluster. However, there are remnant genes of the

nos cluster present, suggesting these strains had nos capacity at

some point (Barth et al. 2009). The N. meningitidis strains also

lack a nitrate reductase. All of the other Neisseria species

sequenced to date also have a nirK and qNor gene, indicating

denitrification is more conserved in this genus than in most

other genera characterized to any level of detail. However, with

the exception of Neisseria mucosa, all lack a nitrate reductase.

The b proteobacteria also have several nitrifiers that have

denitrification genes. This includes Nitrosospira multiformis

ATCC 25196 which has CuNir and a cNor. Another member of

the Nitrosomonadaceae family,Nitrosomonas sp. AL212, also has

a CuNir and a cNor.

g Proteobacteria: This group contains a large number of

denitrifiers including the important model denitrifiers Pseudo-

monas stutzeri and Pseudomonas aeruginosa (Zumft 1997).

While denitrification is found in many pseudomonads, many

important branches of this genus lack this capacity. For example,

all P. aeruginosa strains in the genome database used in this

analysis have a cd1-Nir, a cNor, and Nos gene cluster. In contrast,

other well-characterized species such as Pseudomonas syringae

do not contain any denitrifying strains. Partial denitrifiers can

also be found among the pseudomonads. For example, both

Pseudomonas entomophila strain L48 and Pseudomonas

fluorescens strain Pf-5 have a CuNir but lack Nor- and Nos-

encoding genes. In general though, partial denitrification

seems less prevalent among sequenced pseudomonads.

Other g proteobacteria capable of denitrification include

Legionella. Most strains sequenced to date contain a qNor but

no other denitrification genes. Allochromatium vinosum strain

ATCC 17899, a member of the order Chromatiales, also only has

a pathway consisting of qNor. Single step pathways are not

restricted to qNor-containing bacteria since Methylococcus

capsulatus Bath has cNor but no other denitrification genes.

While some of the groups discussed above have thermophilic

denitrifiers, the g proteobacteria has at least one psychrophilic

denitrifier. Pseudoalteromonas haloplanktis TAC125, whose

denitrification pathway consists of CuNir and qNor, was isolated

from Antarctic coastal waters and is a model bacterium for the
study of adaptation to a psychrophilic environment (Medigue

et al. 2005). Genome analysis has shown this bacterium has

completely lost the capacity for molybdopterin metabolism,

a cofactor essential for nitrate reductase (Medigue et al. 2005).

One of the more unexpected truncated denitrification pathways

is found in Vibrio orientalis CIP 102891. This strain of V.

orientalis has a nos cluster that appears to be capable of produc-

ing an active Nos. No other member of the enteric bacteria has

any denitrification capacity. Phylogenetic analysis indicates this

gene cluster has close relatives in other g proteobacteria includ-
ing Colwellia and Photobacterium.

Another genus in this group which contains a large number

of denitrifiers is Shewanella. This is not too surprising given this

genus’ respiratory versatility (Fredrickson et al. 2008). Denitri-

fication is not universally conserved in this genus though since

Shewanella baltica seem to lack the capacity for denitrification

completely, but on the whole, most species seem to have at least

some denitrification genes. Some are complete denitrifiers such

as the appropriately named Shewanella denitrificans (Brettar

et al. 2002). Many are more similar to the Shewanella

putrefaciens strains that have a qNor and no other denitrification

genes. It is interesting that S. denitrificans has a cNor instead of

the qNor found in other Shewanella. The cNor of S. denitrificans

is related to the protein found in other members of the g
subdivision such as the pseudomonads or Marinobacter. In

contrast, the nirK found in S. denitrificans is similar to the

nirK found in other Shewanella such as S. amazonensis SB2B,

although there is no synteny in the nirK region of their genomes.
Horizontal Gene Transfer

Given the seemingly disjointed scattering of denitrification

genes described above, it is not unreasonable to suggest that

horizontal gene transfer (HGT) has played an important role in

the exchange of genes between strains. However, this cannot be

demonstrated definitively since, in most cases, denitrification

genes do not have anomalous G+C content or codon usage, nor

are they located within obvious mobile elements. One exception

is provided by the occurrence of a nirK in Tn6061, a transposon

(Tn) found in P. aeruginosa (Coyne et al. 2010). This Tn is

26.5 kb in length and is notable because it encodes resistance

to a number of antibiotics. The nirKwithin Tn6061 is not closely

related to nirK in other proteobacteria and is rather divergent

frommost other nirK orfs (> Fig. 10.4). The most closely related

proteins are found in Rhodanobacter, which is a g proteobacteria
but with a divergent CuNir, and Opitutus terrae strain DSM

11246, which is a member of the phylum Verrucomicrobia.

Many of the bacteria with closely related nirK genes also lack

a Nor, suggesting the function of the Nir is something other than

anaerobic respiration of nitrogen oxides. This may explain why

it is present on a Tn that has no other denitrification genes.

Recently, HGTof the nir-nor cluster of Thermus thermophilus has

been demonstrated (Alvarez et al. 2011). Transfer of the nir-nor

region and an adjacent nar region allowed nitrate-dependent

anoxic growth of a recipient that had been obligately



. Fig. 10.5

Electron transfer pathways to the various forms of nitrate

reductase. Nap and Nar receive electrons from quinol (QH2) which

is oxidized to quinone (QH). Nas receives electrons directly from

NAD(P)H

Denitrifying Prokaryotes 10 415
aerobic. The nir-nor regionmay be on amegaplasmid that can be

transferred between strains via conjugation.

Jones et al. (Hallin et al. 2009) have carried out a thorough

phylogenetic analysis of Nir, Nor, and Nos. They note a number

of examples where the phylogenies based on 16S and denitrifi-

cation genes are incongruous. Similar analyses done with

sequences available at the time this chapter was written have

uncovered additional examples of which a few will be men-

tioned. Others examples include Methylocella silvestris strain

BL2, which is a member of the family Rhizobiales of the a
proteobacteria. This strain contains a CuNir that does not

group with other family members but clusters with bacteria

from the b and g subdivisions (> Fig. 10.4). In contrast, the

cNor from this bacterium is found within a clade with many

other a proteobacteria. A few other examples include the CuNir

of Moraxella catarrhalis strain RH4, a g proteobacteria, which

clusters with orthologs from a variety of b-proteobacteria; the
CuNir fromMethylacidiphilum infernorum V4, a member of the

Verrucomicrobia phylum, which clusters with CuNir from

the proteobacteria; and the qNor of Arcobacter butzleri strain

RM4018, an e proteobacterium, which forms a clade with several

members of the Aquificae phylum.

Other cases of suspected HGT can also sometimes be

inferred if a strain within a genus in which denitrification is

common contains denitrification genes distinct from other spe-

cies within its own genus. For example, the nirK of Shewanella

woodyi is quite dissimilar to the nirK of other Shewanella but

more similar to those of a nitrifier, Nitrosococcus halophilus

(> Fig. 10.4). Another example within the same genus is pro-

vided by Shewanella denitrificanswhich contains a cNor while all

other strains with NO reductase use a qNor. HGT may also

explain why some bacteria have multiple copies of genes which

do not seem to be paralogous in origin. For example, Afipia,

a member of the genus Bradyrhizobiaceae, has three nirK. One of

these is a member of the Group I CuNir that can be identified

with the sequence motif TRPHL, while a second has the

sequence SSFH(V/I/P) at the same location, indicating it is

a member of the Group II family of CuNir (Hallin et al. 2009).

The third nirK encodes a protein which has neither motif but is

obviously a CuNir. It seems unlikely that evolution of paralogs

gave rise to multiple genes representing well-known subsets of

CuNir (> Fig. 10.4). Another example of a bacterium with

multiple, non-paralogous copies of a denitrification gene is

provided by Anaeromyxobacterium strain 109-5. This strain has

three copies of a gene that encodes Nor. Two encode qNor and

may be paralogous but the third encodes a cNor. Other examples

of a single strainwith both qNor and cNor were described above.

Sphingomonas wittichii strain RW1, an a proteobacterium, has

two qNor, which are only about 50 % identical. One of these

clusters with qNor from other a proteobacteria while the other is
part of a large clade of enzymes from b or g proteobacteria.

The occurrence of a denitrification pathway consisting of

one enzymemay also indicate acquisition via HGT. For example,

the occurrence of qNor in some of the Staphylococcus aureus

subsp. aureus strains but not at all in the Staphylococcus aureus

strains or most other Staphylococcus species suggests HGT into
one branch of the Staphylococcus group. A similar explanation

likely accounts for the occurrence of nirK in only a few members

of the Chloroflexi. CuNir from these bacteria clusters weakly

with CuNir from a variety of bacteria from the b subdivision

of the proteobacteria. A somewhat related example is provided

by Pyrobaculum calidifontis strain JCM 11548, which is the only

member of the Crenarchaeota with a nos gene cluster. As

discussed above, the other Pyrobaculum species may have

a novel Nos, suggesting that the nos cluster has been recently

acquired by JCM 11548 (Zumft and Kroneck 2006).
Enzymology of Denitrification

As shown in > Fig. 10.1, complete denitrification is a multistep

process, requiring four separate enzymes for the reduction of

nitrate and three intermediate nitrogen oxides to nitrogen gas.

The basic arrangement of the nitrogen oxide reductases is shown

in > Figs. 10.5, > 10.6 and > 10.7. The periplasmic location of

several of the N-oxide reductases as well as the fact that none of

these enzymes are proton pumps makes denitrification a rather

inefficient form of respiration (Strohm et al. 2007). A summary

description of the nature of these proteins is presented here.

Additional information can be obtained from several recent

reviews (MacPherson and Murphy 2007; Tavares et al. 2006;

Zumft and Kroneck 2006).

Nitrate Reductase: Even though nitrate reductase is not

a major focus of this chapter, it is useful to present a brief

description of the various types of nitrate reductase

(> Fig. 10.5). Nitrate reductase catalyzes the two-electron reduc-

tion of nitrate to nitrite. Early studies of nitrate reductase activ-

ity in cells demonstrated the existence of at least two types



. Fig. 10.7

Electron transfer pathways from the bc1 complex to Nor in gram-

negative bacteria. QH2 and QH indicate reduced quinol and

quinone, respectively. The blue sphere represents small electron

shuttle proteins such as c-type cytochromes or pseudoazurin

. Fig. 10.6

Electron transfer pathways from the bc1 complex to Nir in gram-

negative bacteria. QH2 and QH indicate reduced quinol and

quinone, respectively. The blue sphere represents small electron

shuttle proteins such as c-type cytochromes or pseudoazurin
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(Zumft 1997). One is a soluble assimilatory enzyme, termedNas,

used when nitrate is the nitrogen source. The other is

a membrane-associated respiratory enzyme, termed Nar. More

recently, a third type of enzyme was found when a dissimilatory

nitrate reductase activity was detected in the periplasm of R.

sphaeroides IL 106 (Sawada and Satoh 1980). Further work has

demonstrated that this periplasmic enzyme, termed Nap,

occurs in a wide variety of bacteria, including both denitrifiers

and non-denitrifiers such as E. coli and related enteric bacteria

(Richardson et al. 2001). Many denitrifiers contain more than

one type of nitrate reductase.

The membrane-associated Nar enzymes that have been bio-

chemically characterized consist of a three-subunit complex

(Richardson et al. 2001; Tavares et al. 2006). Two of the subunits,

NarG (a) and NarH (b), form a cytoplasmically located
heterodimer. They are anchored to the membrane by NarI (g)
which is sometimes lost during purification. NarG contains

molybdenum, bound by the cofactor molybdopterin guanine

dinucleotide and a [4Fe-4S] center (Schwarz et al. 2009). NarH

contains several [4Fe-4S] centers and a [3Fe-4S] center. The

membrane-anchoring subunit NarI typically contains b-type

heme. The direct electron donor to the respiratory nitrate reduc-

tase is quinol. The electrons from quinol are thought to be

transferred through the heme in the membrane-anchoring

subunit to the [Fe-S] centers in NarH and then to the molybde-

num center in NarG where nitrate reduction occurs.

Nap enzymes are typically heterodimers with prosthetic

groups similar to those found in the membrane-associated

nitrate reductase (Arnoux et al. 2003). In the heterodimeric

form, the largest subunit (NapA) binds molybdopterin guanine

dinucleotide and a [4Fe-4S] center. The smaller subunit (NapB)

binds c-type heme that is required for transfer of electrons to the

active site. In many denitrifiers, electrons are transferred from

the membrane-associated quinol pool to the Nap complex by

a membrane-bound tetra-heme c-type cytochrome, NapC.

Some Nap proteins have been found to have two additional

subunits known as NapG and NapH (Brondijk et al. 2004).

NapH is an integral membrane protein with multiple [Fe-S]

centers while NapG is found in the periplasm but also contains

[Fe-S] centers. NapG and NapH likely form a dimer involved in

transferring electrons from some form of quinol to the reaction

center. In some bacteria such as W. succinogenes, the NapC

subunit is missing and its function has been suggested to be

taken over by NapGH (Kern and Simon 2008).

The periplasmic and membrane-bound enzymes can be

distinguished in several ways. First, the membrane-bound

enzyme is sensitive to micromolar levels of azide, whereas the

periplasmic form is not (Bell et al. 1990). Second, the mem-

brane-bound enzyme can reduce chlorate but the periplasmic

enzyme is limited to nitrate, a result that led to the development

of a useful method to select nitrate reductase mutants (Bell et al.

1990; McEwan et al. 1984). Third, because the active sites of the

two enzymes are on different sides of the inner membrane, the

differential membrane solubilities of methyl viologen and benzyl

viologen can be used to differentiate activities (Carter et al.

1995). Methyl viologen, which is membrane permeant, can be

used as an electron source for both enzymes in whole cell assays.

Benzyl viologen, which is membrane impermeant, will act as an

electron source only for the periplasmic enzyme in whole cell

assays. By comparing the nitrate reductase activity determined

with each viologen, the relative levels of activity of each form of

nitrate reductase can be estimated.

While the function of the respiratory nitrate reductase in

denitrification is almost always associated with respiration, the

physiological role of the periplasmic enzyme is more variable. If

Nap is the sole nitrate reductase in denitrifiers that reduce nitrate

to N2O or N2, the enzyme is used for denitrification even though

it cannot directly contribute to formation of a proton motive

force. However, in denitrifiers with both Nar and Nap, the

function of the latter is often not respiration but instead redox

homeostasis. This explains why the Nap enzyme is often
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expressed under oxic conditions and is consistent with the

observation that the Nap of Paracoccus pantotrophus is expressed

at a higher level in medium containing electron-rich substrates

than in medium with more oxidized substrates (Gavira et al.

2002; Sears et al. 2000; Tabata et al. 2005).

Nitrite Reductase: Nitrite reductase catalyzes the one-

electron reduction of nitrite to NO, the step that differentiates

denitrification from other forms of nitrate metabolism

(> Fig. 10.6). There are two types of nitrite reductases that are

not structurally related and contain different prosthetic groups

(Zumft 1997). One contains copper as a redox active metal

(CuNir), and the other utilizes heme-bound iron (cd1). They

are both located in the periplasm and appear to be functionally

redundant (Glockner et al. 1993). In gram-negative bacteria,

both types of Nir receive electrons from the bc1 complex via

small, mobile electron shuttles (Hartsock and Shapleigh 2010;

van Spanning et al. 2007). Either Nir can be found within species

within the same genus but have never been found to occur

together in a single bacterium. While there are ecophysiological

patterns seen in the phylogenetic distribution of the two

enzymes in most cases, the reasons underlying the distribution

within a genus or higher taxonomic grouping are not obvious.

CuNir has been studied extensively, and much is known

about its structure and the nature of the copper centers.

Enzymes from several different denitrifiers have been crystal-

lized under different conditions and their high-resolution struc-

tures determined (Godden et al. 1991; Jacobson et al. 2005;

Nojiri et al. 2009a; Tocheva et al. 2004). These studies have

revealed that the enzyme is a homotrimer with each monomer

containing two copper atoms. One copper is bound by Cys, Met,

and two His residues and is referred to as a type-1 copper center.

In multi-copper enzymes, including CuNir, the type-1 copper is

involved in electron transfer to the active site. The other copper

atom in CuNir is bound by three His residues making it a type-2

copper center. Type-2 centers are found in many multi-copper

enzymes and are frequently sites of substrate binding. In CuNir,

the type-2 center has been shown to be the site of nitrite binding

(Tocheva et al. 2004).

While there is a common functional design shared by all

CuNir, there is significant variation in the primary structure of

the CuNir family. The first recognition of this diversity was from

studies of Neisseria gonorrhoeae which reported that a highly

expressed protein known as AniA was in fact a CuNir (Mellies

et al. 1997). This was somewhat unexpected since this enzyme

had low sequence identity,�30%, with previously characterized

CuNir. Determination of a high-resolution structure of the AniA

from Neisseria gonorrhoeae showed that despite the limited

sequence conservation, the overall structure was similar to pre-

viously determined CuNir structures and contained both type-1

and type-2 centers and protein folds to this family of enzymes

(Boulanger and Murphy 2002).

More recently, additional CuNir variants have been

described. The CuNir fromHypomicrobium denitrificans is nota-

ble because of the presence of an�15 kDa N-terminal extension.

This extension contains a second type-1 copper center (Nojiri

et al. 2007). Another variant of this type has been described in
a number of denitrifiers including members of the genus

Ralstonia. However, this variant has an extension at its

C-terminus and it contains a sequence motif consistent with

the binding of a c-type heme (Ellis et al. 2007). This extension

also adds �15 kDa to the protein. An even larger variant has

been found in the genome of P. acnes (Nojiri et al. 2009b). This

protein is about 900 residues long, in comparison to the �350

residues of the prototypical CuNir from bacteria such as

Achromobacter cycloclastes or the �500 residues of the afore-

mentioned extended C- and N-terminus variants. The P. acnes

protein contains a classic CuNir type enzyme at its C-terminus,

but this is preceded by two additional domains. One of

these is a copper-binding domain and the other

a predicted transmembrane domain of about 400 residues. The

function of the transmembrane domain is uncertain. A number

of other Actinobacteria, such as members of the genus Rothia as

well as J. denitrificans, have a CuNir with similar domain

organization.

The cd1-type nitrite reductase is a homodimer that contains

a single c-type heme and d1 heme molecule per monomer. The

d1 heme is a modified tetrapyrrole ring that is partly reduced and

has oxo, methyl, and acrylate side groups (Chang andWu 1986).

The high-resolution structures of the cd1-type enzymes from P.

pantotrophus (Fulop et al. 1995) and P. aeruginosa (Nurizzo et al.

1997) have been determined. The protein consists of two

domains with the c-type heme located in the smaller domain

and the d1-heme, which is also the site of nitrite reduction,

located in the larger domain. The reason underlying the usage

of the novel d1 heme is uncertain. It has been suggested the d1
heme helps foster a catalytic site with a low affinity for NO and

higher affinity for nitrite (Rinaldo et al. 2011). NO has a high

affinity for reduced metal centers, so ensuring product release is

critical for efficient Nir function.

Interestingly, both the CuNir and cd1 enzymes also can

reduce O2. Early studies often designated the cd1 enzyme

a cytochrome oxidase (Wharton and Gibson 1976). The product

of O2 reduction by the cd1 enzyme is water (Lam and Nicholas

1969) although it is not clear how four electrons are passed to the

O2 in this process, inasmuch as a one-electron reduction is

normally carried out.

Nitric Oxide Reductase: In a continuing theme, and as men-

tioned above, there are multiple forms of Nor (> Fig. 10.7). The

first form discovered was cNor. The isolation of the genes

encoding cNor in P. stutzeri provided significant insight into

the structural organization of the enzyme and confirmed that

NO is an obligatory intermediate in denitrification (Zumft et al.

1994). Examination of the deduced primary sequence indicated

that cNor is related to the heme-copper family of cytochrome

oxidases (HCO) (Saraste and Castresana 1994; van der Oost

et al. 1994). Although the overall identity of cNor and HCO

members is low, a set of six His residues is conserved in pairwise

alignments of subunit I of cytochrome oxidase and the equiva-

lent NorB subunit of Nor. In the HCO family, these residues

bind a six-coordinate heme, five-coordinate heme, and copper,

the latter two metal centers constituting a binuclear center that

is the site of O2 binding and reduction (Iwata et al. 1995).
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In NorB, the equivalent His residues ligate a six-coordinate

heme, a five-coordinate heme, and a non-heme iron which

replaces the copper at the active site binuclear center.

Typically, cNor is purified as a heterodimer with its two

subunits, NorB and NorC, being integral membrane proteins.

NorC is a c-type cytochrome, proposed to accept electron from

the respiratory chain and then transfer them to a b-type heme in

NorB. This electron is next passed to the binuclear center which

is where NO is bound and reduced to N2O. A recent crystal

structure of cNor from P. aeruginosa has confirmed the related-

ness of the Nor and HCO families (Hino et al. 2010). One

important difference between the two structures though is that

the Nor structure lacks residues that form channels or hydrogen

bond networks used for proton pumping in some HCO. This is

consistent with previous work indicating Nor turnover does not

directly lead to formation of a proton motive force (Zumft

1997). While the structure provided significant insight into the

organization of Nor, the reaction chemistry by which two mol-

ecules of NO are bound and converted to one molecule of N2O

remains to be elucidated.

A second Nor type was first identified in the bacterium

Ralstonia eutropha (Alcaligenes eutrophus H16) (Cramm et al.

1997). This bacterium contains two Nor, one designated NorZ,

a product of a gene located on the chromosome, and the other

designated NorB, a product of a gene located on a plasmid. The

products of these genes have significant identity (>90 %) and

are functionally redundant. These enzymes also have significant

similarity with the NorB subunit of the cNor, with the exception

of an N-terminal extension of about 300 residues. This

N-terminal extension binds quinol, which serves as the imme-

diate electron donor for this family of enzymes (Cramm et al.

1999). As with cNor, qNor is related to the HCO family. No

high-resolution structure of a qNor is currently available.

Genome sequencing has revealed that many denitrifiers utilize

qNor. As with the two types of Nir, there is no clear phylogenetic

distribution of cNor and qNor but qNor seems to be the pre-

ferred Nor among many b and g proteobacteria.

A third type of Nor has been found in B. azotoformans and is

the only example of a Nor purified from a gram-positive bacte-

rium (Suharti et al. 2001). This enzyme is a dimer like NorCB

but lacks c-type heme. Another distinguishing feature is the

presence of a CuA-type binuclear copper center. This metal

center is also found in HCO and Nos (see below). This enzyme

has been designated qCuANor since it will accept electrons from

quinol (Suharti andHeering, and S. de Vries. 2004). Unlike qNor

though, it will also accept electrons from a membrane-bound

c-type cytochrome.

Nitrous Oxide Reductase: In general, Nos is located in the

periplasm and receives electrons from the bc1 complex via elec-

tron shuttles (> Fig. 10.7). Nitrous oxide reductases from several

complete denitrifiers have been extensively characterized and

several high-resolution structures have been obtained (Brown

et al. 2000; Haltia et al. 2003; Paraskevopoulos et al. 2006).

Excellent reviews on the genetics and biochemistry of Nos are

available (Tavares et al. 2006; Zumft and Kroneck 2006). Purifi-

cation and characterization of Nos was difficult because its
activity is lost in cell extracts. Nutritional studies had identified

copper as an essential nutrient for Nos activity (Matsubara and

Zumft 1982) and further work led to the isolation of a soluble

copper protein which, under the proper conditions, had Nos

activity (Zumft and Matsubara 1982). Nos is homodimeric in

most preparations, with four coppers per subunit. Additional

studies have demonstrated that when the enzyme is purified

anaerobically and assayed using reduced viologens as the elec-

tron donor, it has the highest specific activity.

The high-resolution structures have defined the nature of the

copper-containing sites in Nos (Brown et al. 2000; Haltia et al.

2003; Paraskevopoulos et al. 2006). One of the copper centers

has been structurally defined as a CuA site. The CuA center was

described originally in the HCO family of proteins (Iwata et al.

1995). CuA is a binuclear site liganded by His, Cys, and Trp

residues that is used to transfer electrons from an external donor

to the active site, CuZ. CuZ is a tetranuclear site only found in

Nos. Histidines are the amino acid ligands to the coppers in the

site, but a single sulfide is also an important structural compo-

nent (Haltia et al. 2003). The high-resolution structure has

revealed that the actual number of Cu per dimer is 12 not 8 as

suggested from earlier work. The reason for the discrepancy is

unclear. It should be noted that crystals were made from protein

that had been exposed to O2 which is known to impact function

in the enzyme. Therefore, it is uncertain if the metal centers in

the published structures are identical to those in the active

enzyme.

As with the other N-oxide reductases, there is variation

among Nos proteins. Campylobacter species and a few other

related e proteobacteria contain a C-terminal extension that is

a c-type heme-binding domain.W. succinogenes has a Nos mod-

ified in this way which is known to be functional since this

bacterium will grow with N2O as sole terminal oxidant (Simon

et al. 2004; Yoshinari 1980). Unexpectedly though, the genome

sequence indicates that the nosZ, which encodes Nos, in W.

succinogenes is disrupted by an insertion element. Further stud-

ies revealed that some portion of the population carry an intact

nosZ gene, likely as a result of the resolving of the insertion

element (Simon et al. 2004).

Quantitative studies have shown that nos is the least preva-

lent of the denitrification N-oxide reductases in many environ-

ments (Bru et al. 2011; Henry et al. 2006; Keil et al. 2011). This is

consistent with genome analyses which find the nos cluster being

the least common of all the N-oxide reductases. Genome com-

parison of closely related bacteria provides frequent examples of

nos cluster genes undergoing frame shifts or deletion. For exam-

ple, a number of Brucella strains show a loss of nosZ or one of the

other genes in the nos cluster. Moreover, as mentioned above,

Neisseria species express a truncated, inactive Nos (Barth et al.

2009). While Nos seems to be lost at a high rate, it is obvious it is

beneficial to some bacteria. For example, almost all of the

Burkholderia mallei and pseudomallei strains that have been

sequenced have an intact nos gene cluster. Moreover, it is

notable that W. succinogenes, Capnocytophaga gingivalis

JCVIHMP016, and Gramella forsetii KT0803, isolated from

bovine rumen fluid, human oral cavity, and seawater,
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respectively, all contain a nos gene cluster but lack Nor,

indicating that exogenous N2O is an environmentally relevant

terminal electron acceptor.
. Fig. 10.8

Representation of the regulation of the nitrogen oxide reductases

in Rhodobacter sphaeroides 2.4.3. This bacterium has two Nap

enzymes, designated oNap and rNap, with the former being

expressed aerobically and the latter being expressed under

microoxic conditions (Hartsock). Lines in the cytoplasm represent

genes and transcripts. oNap is green to indicate it is expressed

under oxic conditions. Lines from PrrB and NnrR ending in arrows

indicate positive regulation while the one ending in a line

indicates negative regulation. Transcriptional regulators of rNap

are unknown, so the only known controlling factor, lack of O2, is

indicated. See text for description of regulatory factors
Regulation of Genes Required for
Denitrification

This section will focus primarily on the regulation of those genes

encoding Nir, Nor, and Nos. In most denitrifiers, the expression

of the genes encoding these proteins depends on the presence of

nitrogen oxides. Therefore, it is natural to describe the denitri-

fication genes as being part of a stimulon, a term that refers to

operons responding together to a particular environmental

stimulus (Neidhardt et al. 1990). In general, Nir and Nor are

part of a NO stimulon and Nos is part of a N2O stimulon.

However, it is important to note that denitrification is

a secondary process and so its regulation occurs within

organism-specific hierarchies of stimulons and regulons

required for aerobic and anaerobic growth. This inevitably will

lead to diverse regulation and, in fact, not all of the regulatory

strategies described here explain all known regulatory patterns

and it is certain that as additional research on regulation of the

N-oxide reductases is carried out, additional regulatory patterns

will be encountered. Nevertheless, the general patterns described

here are consistent with regulatory models developed for many

model denitrifiers.

One important consideration in the regulation of denitrifi-

cation is the role of O2 in controlling expression of denitrifica-

tion genes. While denitrification is traditionally considered as an

anaerobic form of respiration, there are many reports in the

literature of aerobic denitrification (Kim et al. 2008; Wan et al.

2011; Xie et al. 2003). Studies with model organisms have

consistently found that reduction of nitrate or nitrite to gaseous

products occurs at low O2 (Shapleigh 2011; Zumft 1997). In

particular, it seems that the regulation of nir and nor genes is

particularly sensitive to O2 and it is their expression that sets the

upper limit of O2 at which denitrification can occur (Bergaust

et al. 2011, 2008; Korner and Zumft 1989). None of the reported

aerobic denitrifiers have been characterized in sufficient detail to

determine if they expresses nir and nor in an O2-independent

manner or at O2 levels higher than observed in current studies of

model denitrifiers. Until this occurs, aerobic denitrification will

remain unverified. When considering aerobic denitrification, it

is important to note that the regulation of nitrate reductase is

not so tightly controlled by O2. There are examples of Nap-type

nitrate reductases that have been demonstrated to be expressed

under fully aerobic conditions (Gavira et al. 2002; Hartsock and

Shapleigh 2011; Tabata et al. 2005). Another important consid-

eration in evaluating reports of aerobic denitrification is that,

with the exception of Nos, none of the N-oxide reductases are

inhibited by O2. So, unless care is taken to ensure that cells used

in aerobic denitrification experiments have been maintained

under aerobic conditions, it is possible that proteome carryover

may lead to N-oxide reductase activity that is misattributed to

aerobic denitrification.
Nir and Nor Regulation: A number of early studies demon-

strated that expression of both Nir and Nor in some model

denitrifiers depended on Nir activity (de Boer et al. 1996;

Tosques et al. 1997; Ye et al. 1992; Zumft et al. 1994). The

observation that it was Nir activity and not nitrite reductase

per se that was required for the expression of genes encoding Nir

and Nor suggested that a product of nitrite reduction was

required for gene expression (> Fig. 10.8). An obvious candidate

for the likely effector is NO, a possibility consistent with the

observation that addition of NO generators to nitrite reductase-

deficient strains results in expression of both Nir and Nor genes

(Kwiatkowski and Shapleigh 1996; Van Spanning et al. 1999).

Moreover, trapping of NO by hemoglobin decreases expression

of nir and nor genes (Kwiatkowski and Shapleigh 1996).

The accumulated evidence strongly indicates that it is the pro-

duction of NO that stimulates expression, but activation by

a derivative of NO has not been excluded.

The primary regulator of the genes that are part of the

denitrification-related NO stimulon has been identified in

a number of denitrifiers and in most cases is a member of the

FNR/CRP family of transcriptional regulators (Korner et al.

2003). This protein has been variously designated NnrR, NNR,

or DNR. An excellent review on this family of proteins has
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recently been published (Korner et al. 2003). Recent work has

suggested this protein binds heme, explaining its ability to bind

NO with high affinity (Castiglione et al. 2009; Giardina et al.

2008).

Computational studies as well as mutagenesis studies have

determined the binding sites targeted by some members of this

family (Rodionov et al. 2005; Hartsock and Shapleigh 2010).

Recent work suggests the regulon controlled by the NNR/DNR

family is small. In R. sphaeroides, NnrR likely only has eight

binding sites which affect a total of 13 genes (Hartsock and

Shapleigh 2010). The regulon of the primary NO-dependent

regulator controlling expression of Nir and Nor expression in

Neisseria meningitidis is similar in size (Heurlier et al. 2008).

This regulator, named NsrR, is not a member of the FNR/CRP

family. It acts as a repressor while themembers of the DNR/NNR

family are activators.

Not all denitrifiers control nir expression via an NO

stimulon. In some Rhizobium strains, members of the

NO-responsive NNR family have been found to be important

for expression of the nor genes (Mesa et al. 2002). nirK expres-

sion appears to be outside the NNR regulon and NO stimulon

because it is regulated by a gene termed FixK2, a member of the

FixK family shown to be critical for regulation of many processes

related to nodulation in these bacteria (Torres et al. 2011). FixK2

itself is under control of FixJ, a global regulator of low O2 gene

expression in rhizobia.

Some denitrifiers use additional layers of regulation to link

expression of nir and nor to O2 availability. Agrobacterium

tumefaciens uses the two component sensor regulator pair

ActRS to regulate nirK expression (Baek et al. 2008)

(> Fig. 10.8). These regulators are a member of the Reg/Prr

family of proteins used by many photosynthetic bacteria to

regulate expression of genes whose products are required for

photosynthesis. R. sphaeroides 2.4.3 has been shown to use

a similar regulatory strategy (Laratta et al. 2002). Members of

the Reg/Prr family of regulatory proteins are apparently respon-

sive to changes in the flow of electrons through the electron

transport chain (Kim et al. 2007; Swem et al. 2001). As O2

decreases, electron flow through the chain decreases, leading to

phosphorylation of the response regulators which are necessary

for nirK expression. nor expression is not directly regulated by

Reg/Prr but since nirK is, this places nor under indirect control

of Reg/Prr since nor is part of the NO stimulon (Baek et al.

2008).

Nos Regulation: nos expression is likely controlled by

a number of factors, leading to diverse control mechanisms.

Evidence for a N2O stimulon was initially provided by the

observation that growth on N2O stimulates Nos expression,

modestly stimulates expression of the nitrate reductase, and

does not stimulate expression of Nir or Nor in P. stutzeri (Korner

and Zumft 1989). Additional support for NO-independent

expression of nos has been provided by studies of P. denitrificans,

where it was shown that expression of nos preceded that of nirS

and nor (Bergaust et al. 2011). Use of N2O as an effector is not

universal though since P. aeruginosa grown on N2O alone will

not express Nos. Nos is expressed when the cells are grown on
nitrate and nos is likely within the NO stimulon (Arai et al.

2003). In P. stutzeri, while N2O alone can activate expression of

nos, growth on nitrate and subsequent production of NO leads

to even higher expression of the nos gene cluster (Vollack and

Zumft 2001). This suggests nos is within both the NO and N2O

stimulons in this bacterium, which is probably the case in many

complete denitrifiers.

Little is known about specific regulators required for nos

expression outside of the NNR/DNR family. One protein that

appears important for nos expression in nearly all denitrifiers is

NosR. NosR is an integral membrane protein which contains

[Fe-S] clusters as well as flavin (Wunsch and Zumft 2005). The

gene for nosR is almost always part of the nos gene cluster. How

NosR regulates nos expression and Nos activity is uncertain.

Insertional inactivation of nosR leads to a decrease in nosZ

transcription (Cuypers et al. 1992; Velasco et al. 2004). However,

nosR does not have any obvious DNA-binding motifs and its

membrane localization is seemingly inconsistent with it being

a DNA-binding protein. NosR may play a role in Nos assembly

since removal of regions with conserved motifs led to

overexpression of an inactive Nos in P. stutzeri (Wunsch and

Zumft 2005). While the vast majority of denitrifiers contain

NosR-encoding genes, W. succinogenes lacks any obvious nosR

orthologs (Simon et al. 2004).

Density-Dependent Regulation: In addition to nitrogen oxide

and O2-dependent control, some of the denitrification genes in

P. aeruginosa show evidence of density-dependent regulation.

Expression of nirS, nor, and nos in this bacterium is regulated by

members of the DNR family (Arai et al. 1997, 2003). However, it

was observed that inactivation of genes responsible for density-

dependent expression led to an increase in the rate of N2 pro-

duction fromnitrate (Toyofuku et al. 2007). As expected, expres-

sion of the genes encoding Nir, Nor, and Nos showed decreased

expression in the presence of an effector. This indicates that

under conditions of high cell density, expression of these genes

will be repressed.

The regulatory mechanisms used by denitrifiers to control

Nir, Nor, and Nos expression are consistent with denitrification

being nonessential and secondary to O2 respiration. These reg-

ulatory strategies also provide evidence of how cells use regula-

tion to ensure denitrification is used to support other more

critical physiological processes. For example, in rhizobia, the

Fix system of regulators that controls Nir expression is critical

for regulating a variety of genes required for nodule formation

and diazotrophy (Mesa et al. 2008). Similarly, photosynthesis is

a major mode of energy generation in R. sphaeroides and so it is

not unexpected to find the denitrification genes are regulated by

global regulators involved in adapting cell physiology for pho-

tosynthetic growth, also a low O2 process (Kaplan et al. 2005).

Density-dependent regulation in P. aeruginosa provides another

example. This bacterium uses biofilms as a key means of survival

and growth, and biofilm formation is controlled in part by

density-dependent regulatory systems (Harmsen et al. 2011).

Biofilms often have low O2 microenvironments due to O2 gra-

dients established by respiration. Therefore, it is not surprising

to find denitrification genes are controlled by the regulators also
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required for the formation of biofilms. NO has been shown to

convert sessile cells to motile cells which may explain why deni-

trification genes are repressed by the density-dependent regula-

tors (Barraud et al. 2006).
Environmental Studies

There have been many efforts to characterize denitrifier com-

munities in the environment. As might be expected from the

broad phylogenetic distribution of denitrification genes, nearly

all environments have denitrification genes (Bru et al. 2011; Keil

et al. 2011; Philippot et al. 2009). Quantitative assessment of the

frequency of occurrence of individual genes has found that genes

for nitrate reductase occur at the highest frequency, likely

representing its use in both denitrification and DNRA. Genes

encoding Nir occur at a lower frequency than Nar and Nap

genes. Genes encoding Nos occur at the lowest frequency. Nos

activity also appears to be inhibited at low pH (Liu et al. 2010;

Simek and Cooper 2002; Thomsen et al. 1994). Low pH envi-

ronments are often found to produce large amounts of N2O

under denitrification conditions (Simek and Cooper 2002).

Analysis of the distribution patterns of particular gene types

has identified some large-scale trends. A thorough analysis of the

distribution of nirK and nirS, the structural gene for the cd1-Nir,

has been carried out by Jones and Hallin (Jones and Hallin

2010). They found that nirS sequences were more enriched in

saline environments. However, nearly all of these studies are

reliant on the use of oligonucleotide primers that may not

work with divergent or novel genes. For example, sequencing

of the genome of a denitrifying Rhodanobacter strain showed

that standard PCR primers would be unlikely to amplify the nirK

from this bacterium (Green et al. 2010). This is significant

because members of the genus Rhodanobacter are common

denitrifiers in low pH environments. It is well established that

low pH has been shown to impact denitrifier populations in

general, so it is possible that diversity is being underestimated by

the use of standard primer sets (Deiglmayr et al. 2004; Green

et al. 2010; van den Heuvel et al. 2010).

While denitrification genes may be common in most envi-

ronments, in soils, there is a growing appreciation of the fact

that denitrification is ‘‘spotty.’’ Certain sites are ‘‘hot spots’’

relative to other closely located sites (McClain et al. 2003;

Vidon et al. 2010). Even within this hotspot framework, it has

become obvious that sites are also subject to ‘‘hot moments.’’

Molecular studies have supported the idea of hot spots (Enwall

et al. 2010). The occurrence of hot spots and hot moments

makes it difficult to accurately quantitate denitrification rates

in soils.

While denitrification is common in soil and aqueous envi-

ronments, it is important to note that human-associated com-

munities have the capacity for denitrification. Human saliva is

enriched for nitrate, so it is not surprising that denitrification

has been found to occur in human dental plaque (Lundberg and

Govoni 2004; Lundberg et al. 2004). A number of partial deni-

trifiers have also been identified during efforts to sequence the
human oral microbiome (http://www.homd.org/modules.php?

op=modload&name=HOMD&file=index&taxonomy=1). Also,

as mentioned above, a number of pathogens within the

Neisseria, Brucella, and Pseudomonas genera are complete deni-

trifiers. Denitrification genes in these bacteria have been found

to be pathogenicity determinants (Baek et al. 2004; Haine et al.

2006; Hassett et al. 2002; Laver et al. 2010; Stevanin et al. 2007;

Tunbridge et al. 2006).
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