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a b s t r a c t

Ammonia oxidation is critical to global nitrogen cycling and is often thought to be driven

only by ammonia-oxidizing bacteria. The recent finding of new ammonia-oxidizing

organisms belonging to the archaeal domain challenges this perception. Two major

microbial groups are now believed to be involved in ammonia oxidation: chemo-

lithotrophic ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA).

Candidatus ‘‘Nitrosopumilus maritimus’’, the first isolated ammonia-oxidizing archaeon from

a tropical marine aquarium tank, representative of the ubiquitous marine group 1 Cren-

archaeota, contains putative genes for all three subunits (amoA, amoB, and amoC ) of

ammonia monooxygenase, the key enzyme responsible for ammonia oxidation. In this

article, important concepts of the nitrogen cycle, ammonia oxidation processes, ammonia-

oxidizing organisms, and their physiology are described. AOA are found to thrive in various

habitats including hot/thermal springs, marine and fresh waters, soils, and wastewater

treatment systems, where they may outnumber their counterpart, AOB. Various molecular

tools have been applied to study AOB and AOA and determine their abundance and

community structure changes from natural and engineered systems. The presence of AOA

in activated sludge opens new opportunities for elucidating its role of ammonia removal in

wastewater treatment plants and wetlands. Several significant questions related to AOA

research have been raised to evoke reader involvement for broadening future studies.

ª 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

The global nitrogen cycle describes the transformation of

nitrogen gases and nitrogen-containing compounds on the

earth. Itconsistsofmainlymicrobial-drivenprocesses, including

assimilation, ammonification, nitrification, denitrification,

nitrogen fixation, and anaerobic ammonia oxidation (Fig. 1). In

engineered systems, such as wastewater treatment plants

(WWTPs) and constructed wetlands, the coupled nitrification

and denitrification processes are considered the major mecha-

nism of nitrogen removal. Anaerobic ammonia oxidation,

referred to as anammox by bacterial communities of Plancto-

mycetes (Strous et al., 1999), can be of importance in the envi-

ronment in some cases (Jetten et al., 1998; Sliekers et al., 2002).

Nitrification involves ammonia oxidation to convert

ammonia (NH3) to nitrite (NO2
�) by ammonia-oxidizing

organisms and nitrite oxidation to convert nitrite to nitrate

(NO3
�) by nitrite-oxidizing organisms. Ammonia oxidation is

often the rate-limiting step of nitrification in a wide variety of

environments, and therefore critical to wastewater nitrogen

removal and global N cycling (Kowalchuk and Stephen, 2001;

Hu et al., 2003; Choi and Hu, 2008). Reactions of ammonia

oxidation include the following:

NH3 þO2 þ 2e� þ 2Hþ/NH2OHþH2O (1)

NH2OHþ 1=2O2/NO�2 þ 3Hþ þ 2e� (2)

2NH3 þ 3O2/2NO�2 þ 2H2Oþ 2Hþ (3)

While ammonia-oxidizing bacteria (AOB) are considered crit-

ical in nitrification, recently molecular biological studies

demonstrate that members of the kingdom Crenarchaeota,

within the archaeal domain, play an important role in nitrifi-

cation in soils and aquatic systems (Könneke et al., 2005;

Hansel et al., 2008; Tourna et al., 2008). Könneke and

colleagues isolated a new strain of marine ammonia-oxidizing

archaea (AOA), Candidatus ‘‘N. maritimus’’, which contains

putative genes for all three subunits (amoA, amoB, and amoC )

of ammonia monooxygenase, the enzyme responsible for

ammonia oxidation (Könneke et al., 2005). Candidatus ‘‘Cen-

archaeum symbiosum’’ is also shown to harbor the genes for

ammonia oxidation, although a pure culture is currently not

available (Hallam et al., 2006a,b). These archaeal species may

contribute substantially to ammonia oxidation in marine and

terrestrial environments (Horner-Devine and Martiny, 2008).

The objective of this review is to assess the current state of

the science of AOA, evaluate the role of AOA in nutrient

removal, and make recommendations for future research of

AOA, particularly in engineered systems. Nutrient contami-

nation remains a serious environmental issue and a threat to

sustainable development worldwide. As the world faces

stringent nutrient discharge regulations, a critical review on

AOA and their bacterial counterparts would be beneficial to

the increasing awareness of researchers of the complexity of

biological nitrogen removal and nitrogen cycling in the

environment.

1.1. Ammonia-oxidizing organisms

Increasing evidence shows that there are two major microbial

groups involved in ammonia oxidation: ammonia-oxidizing

bacteria and ammonia-oxidizing archaea. While there are

heterotrophic ammonia oxidizers (Otte et al., 1999), chemo-

lithotrophic AOB were long thought to be responsible for

ammonia oxidization. The recent discovery of AOA in natural

and engineered systems demonstrates the role of AOA in

nutrient removal and global N cycling.

1.1.1. Ammonia-oxidizing bacteria (AOB)
Ammonia-oxidizing bacteria utilize reduced nitrogen (e.g.,

ammonia) as an energy source, carbon dioxide as a carbon

source, and molecular oxygen as an electron acceptor. These

chemolithotrophic AOB commonly belong to the Beta- and

Gammaproteobacteria, including Nitrosomonas (Beta), Nitrosospira

(Beta), and Nitrosococcus (Gamma) (Madigan et al., 2000).
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Fig. 1 – Schematic of microbial nitrogen cycle.
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