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Abstract

Aerobic ammonia oxidation is the process that converts ammonium to
nitrate and thus links the regeneration of organic nitrogen to fixed nitrogen
loss by denitrification. It is performed by a phylogenetically restricted
group of Proteobacteria (ammonia‐oxidizing bacteria, AOB) that are auto-
trophic and obligately aerobic. This chapter describes methods for
the measurement of ammonia oxidation in the environment, with a focus
on seawater systems and stable isotopic tracer methods. It also summarizes
the current state of molecular ecological approaches for detection of AOB
in the environment and characterization of the composition of AOB
assemblages.
Introduction

Ammonia oxidation, as the first step in aerobic nitrification, the oxida-
tion of ammonium to nitrate via nitrite, is an essential component of the
nitrogen (N) cycle in aquatic and terrestrial environments. While nitrifica-
tion does not result in a direct change in the fixed N inventory, it is critical
in the linkage between organic N and its eventual loss from the system as
N2 via denitrification. Ammonia‐oxidizing bacteria produce nitrite from
ammonia, via hydroxylamine, and nitrite‐oxidizing bacteria perform the
final oxidation of nitrite to nitrate. No organism in culture is known to
oxidize both ammonia and nitrite. The bacteria that oxidize nitrite or
ammonia are not phylogenetically related to each other.

The overall reaction for ammonia oxidation [Eq. (4)] shows that the
process consumes molecular oxygen and produces hydrogen ions, in addi-
tion to nitrite. A requirement for molecular oxygen occurs in the first step
of the oxidation [Eq. (1)], which is catalyzed by a monooxygenase (ammo-
nia monooxygenase, AMO). Uncharged gaseous ammonia is the actual
substrate for AMO, as demonstrated by the pH dependence of the reaction
rate (Suzuki et al., 1974; Ward, 1987a,b). Ammonia monooxygenase has
never been completely purified and assayed in cell‐free conditions, al-
though its complete gene sequence has been obtained from both
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Nitrosomonas (betaproteobacteria) and Nitrosococcus (gammaproteobac-
teria) type AOBs (Alzerreca et al., 1999; Klotz and Norton, 1995;
Sayavedra‐Soto et al., 1998). AMO contains copper and probably also iron
in its active form (Zahn et al., 1996).

The immediate product of AMO is hydroxylamine, which is further
oxidized by hydroxylamine oxidoreductase (HAO) to nitrite [Eq. (2)].
Oxygen is also consumed by the terminal oxidase [Eq. (3)] as a result of
electron transport generating ATP for cellular metabolism.

NH3 þO2 þ 2Hþ þ 2e� ! NH2OHþH2O ð1Þ

NH2OHþH2O ! NO�
2 þ 5Hþ þ 4e� ð2Þ

2Hþ þ 0:5 O2 þ 2e� ! H2O ð3Þ

NH3 þ 1:5 O2 ! NO�
2 þH2OþHþ ð4Þ

AOB are typically not abundant, as a percentage of the total bacterial
assemblage, but nonetheless can have a large impact on biogeochemical
cycling. This results from the relative inefficiency of autotrophy at the
expense of ammonia oxidation; a vast amount of inorganic nitrogen must
by oxidized to fix a small amount of CO2 into the biomass. Exceptions to
the low abundance of AOB occur in wastewater treatment plants, where
biofilms containing clusters of AOB cells can comprise on the order of 20%
of the total biomass (Juretschko et al., 1998).
Methods for Measuring Ammonia Oxidation in Seawater
and Sediments

Nutrient Inventory Approach

Direct measurement of the rate of nitrification is problematic for sev-
eral reasons having to do with the sensitivity of the methods and potential
artifacts introduced by incubation methods. The most direct experimental
design might simply be to incubate samples and measure the concentra-
tions of dissolved inorganic nitrogen (DIN) pools over time. This approach
provided some of the earliest evidence for the occurrence of biologically
mediated nitrification (Rakestraw, 1936; von Brand et al., 1937). In such an
experiment, accumulation of nitrite or nitrate indicates net nitrification. A
decrease in the concentration over time could be observed, however, even
when nitrification is occurring, if consumption of nitrate or nitrite exceeds
production in the incubation bottle. The low concentration relative to high
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biological demand for fixed nitrogen in the surface waters of the ocean and
many lakes means that large fluxes can be obscured by tight coupling
between production and consumption terms.
Specific Inhibitors

The addition of specific inhibitors has been used as a modification of the
nutrient inventory approach just described. In this approach, chemicals
that specifically inhibit ammonia oxidation (e.g., acetylene, allylthiourea,
methyl fluoride, N‐serve) or nitrite oxidation (chlorate) are added to
replicate incubation bottles (Bianchi et al., 1997; Billen, 1976). The method
assumes that the nitrite concentration is at steady state in the sample and
that nitrification is the only process that produces or consumes nitrite.
Clearly, the bottles must be incubated in the dark to prevent DIN con-
sumption by phytoplankton. One need only measure the concentration of
nitrite over time in the bottles in which ammonium oxidation was inhibited
to estimate the nitrite oxidation rate (equal to the rate of nitrite decrease).
The rate of nitrite increase in the bottles to which the nitrite‐oxidation
inhibitor was added equals the rate of ammonium oxidation. There are
some potential problems with this approach: (1) Preventing photosynthesis
by phytoplankton probably has cascading effects on the activities of other
microbes in the bottle, such that the rate of ammonium mineralization is
reduced, therefore changing the source term for the nitrification substrate.
(2) Incubating in the dark may release the nitrifying bacteria from light
inhibition such that the measured rate exceeds the in situ rate. (3) Due to
the necessity to detect small changes in DIN concentrations, incubations
typically last 48 h, which is sufficient to overcome the lag induced by light
inhibition and is also long enough to create quite unnatural conditions.

The search for precisely specific inhibitor compounds has been exten-
sive and has resulted in a plethora of potentially useful compounds. Many
are problematic for reasons not directly related to nitrification. For exam-
ple, acetylene inhibits both nitrifiers and denitrifiers (Balderston et al.,
1976; Berg et al., 1982). Thus, its use to measure one process will also
inhibit the other, and when one depends on the other (as is the case when
denitrification depends on nitrification for nitrate), both rates are affected
and the independent measurement of one is not possible. It is reported that
the level or length of exposure to acetylene can be optimized to differenti-
ate between its effects on nitrification and denitrification (Kester et al.,
1996). N‐serve is a commercial preparation that specifically inhibits ammo-
nia‐oxidizing bacteria (Goring, 1962) and serves as the basis for the sensi-
tive 14CO2 method for the measurement of nitrification rates. Being
chemolithoautotrophs, nitrifiers fix CO2 while oxidizing nitrogen. The
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amount of CO2 fixation due to nitrifiers can be computed by differences
between incubations with and without addition of an inhibitor that specifi-
cally removes the contribution of nitrifiers (Billen, 1976; Dore and Karl,
1996; Somville, 1978). Then a conversion factor is used to translate the CO2

fixation into ammonium and nitrite oxidation rates. This conversion factor
has been shown to vary by a factor of five in pure cultures of AOB (Billen,
1976; Glover, 1985), and thus its use introduces some uncertainty because
the factor cannot be directly determined in field samples. In addition,
because N‐serve is not soluble in water, it must be dissolved in an organic
solvent prior to addition to samples. This solvent can affect the other
members of the community, and the use of ethanol has been shown to
stimulate dark CO2 incorporation by heterotrophic bacteria (Owens, 1986;
Ward, 1986). Thus, especially in systems where nitrifiers are a very small
part of the overall assemblage, the N‐serve approach may yield artifacts
(Priscu and Downes, 1985; Viner, 1990; Ward, 1986).
N Isotope Tracer Methods

In the tracer approach, a ‘‘trace’’ amount (an amount low enough to
avoid perturbation of the ambient substrate concentration) of a labeled
substrate (a radio or stable isotope) is added to a sample. After incubation,
the amount of label in the product is used to compute the transformation
rate. Unfortunately, a direct radioisotope tracer method is not very
useful for measuring rates of nitrification in the environment. Capone
et al. ( 1990) demonstrated the use of 13N to quantify nitrification rates,
but the isotope is so short‐lived (half life ¼ 10 min) that its use is usually
impractical.

The main approach to measuring nitrification rates directly is to use
the stable isotope, 15N, as a tracer (Olson, 1981; Ward et al., 1984). This
approach is not without its problems, mainly because 15N has a significant
natural abundance and it must be measured using a mass spectrometer or
emission spectrometer, both more expensive and difficult than using a
scintillation counter for radioisotopes. Due to the great sensitivity of iso-
tope ratio mass spectrometry, much shorter incubations (compared to the
inhibitor and inventory methods) are possible (a few hours to 24 h are
commonly used). The signal of transfer of the tracer from substrate to
product pool (e.g., 15NH4 to 15NO2) can be detected regardless of what
other processes are occurring in the incubation (so in situ light conditions
can be used) and no assumptions of steady state need be made. The major
drawback of this method is the necessity of adding a tracer, sometimes in
excess of the natural concentration of substrate. This problem has been
largely overcome by the advent of more sensitive mass spectrometers,
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however, and estimates obtained under conditions approaching in situ are
possible.

The 15N approach is most useful in water samples because complete
mixing of the tracer is possible. In sediments and soils, rate measurements
are constrained by the heterogeneous nature of the sample and the depen-
dence of rates on the structure of the environment. In this situation, fluxes
between overlying water and sediment cores can be analyzed to obtain
areal rates. In conjunction with 15N tracer addition, estimates of nitrifica-
tion rates can be obtained from the isotopic dilution of nitrite or nitrate in
the overlying water due to the production of nitrate or nitrite from pro-
cesses in the sediments (Capone et al., 1992). The isotope dilution approach
is essentially the opposite of the tracer approach. The product pool is
amended with isotopically labeled product. During incubation, product
with the natural abundance isotope signature is produced from a naturally
occurring substrate in the sample, effectively diluting the label in the
product pool. The rate of dilution is used to compute the rate of product
formation. The isotope pairing method for the measurement of denitrifica-
tion (Nielsen, 1992; Rysgaard et al., 1993) is essentially a modification of an
isotope dilution approach and provides information on the rates of both
denitrification and nitrification simultaneously. Inhibitor approaches simi-
lar to those described earlier for water samples have been used in sedi-
ments (Henricksen et al., 1981; Miller et al., 1993). The methylfluoride
method (Caffrey and Miller, 1995; Miller et al., 1993) seems particularly
promising because the gas can diffuse thoroughly into the core with a
minimal disturbance of microzones and gradients. This ammonium oxida-
tion inhibitor is added to cores and the accumulation of NH4

þ over time is
assumed to represent the net rate of nitrification. Other processes that
consume ammonium would proceed without inhibition or competition for
ammonium and therefore lead to an underestimate of the nitrification rate.

To overcome the biasing resulting from uneven dispersal of a tracer or
an inhibitor, sediment rate measurements are often made in slurries that
destroy the gradient structure of sediments, which is essential to the in situ
fluxes. Slurries may provide useful information on potential rates, but not
in situ rates. Even if rate measurements in sediments are made using whole
core incubations, e.g., when the inhibitor is a gas, it is still difficult to
determine the depth distribution of the rate because an areal rate is usually
obtained. A sophisticated measurement and model‐based system that
avoids direct rate measurements has been used to overcome this problem.
Microelectrodes, which have very high vertical resolution, are used to
measure the fine scale distribution of oxygen and nitrate in freshwater
sediments. By assuming that the observed vertical gradients represent
a steady‐state condition, reaction‐diffusion models can then be used to
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estimate the rates of nitrification, denitrification, and aerobic respiration
and to compute the location of the rate processes in relation to the chemi-
cal profiles (e.g., Binnerup et al., 1992; Jensen et al., 1994). Recent advances
in biosensor design may overcome interferences that have been problem-
atic for microelectrode measurements of dissolved nitrate in seawater.

Measurement of Ammonium Oxidation Rates in Seawater Using 15N

Sample Collection and Incubation. Samples are collected from the
desired depth using Niskin bottles deployed on a rosette or with a peristal-
tic pump for shallower depths. Because nitrification, especially ammonia
oxidation, is oxygen sensitive, precautions should be taken to maintain the
in situ oxygen conditions. This can be done by overfilling the incubation
bottles (preferably polycarbonate, to avoid potential trace metal contami-
nation from glass) and then sealing the caps without introducing bubbles
into the bottle. Below the photic zone, incubations can be carried out in
gas‐impermeable plastic bags (trilaminates produced by Pollution Mea-
surement Corporation, Oak Park, IL, or in equivalent impermeable plas-
tics). These are convenient and versatile incubation containers because
they can be purchased in various sizes (we have found 500 ml to 10 liter
to be useful for various applications) and can be aseptically subsampled
without perturbing the gas concentrations in the remaining sample.

Incubations are performed under simulated in situ conditions (using
screening to simulate in situ light conditions) in controlled temperature
incubators or in running seawater incubators (for surface samples). For
single end point measurements, the length of the incubation should be kept
as short as possible, usually 1–3 h. Even in short incubations, the atom‐%
of the substrate pool can be seriously diluted by ammonium regeneration
occurring in the same bottle and, during long incubations, can make
it impossible even to account for the dilution in the rate calculations
(see later).

The tracer [15NH4 as Na15NH4 or (15NH4)2SO4 at 99 at‐%] can be
added by a syringe through a silicone seal in the cap or with a pipettor just
prior to sealing. In the latter case, it is a good idea to cool the tracer stock
below the temperature of the incubation so that the added tracer solution
sinks into the bottle and is not lost when the cap is secured. It is considered
optimal to add tracer at a level that increases the ambient pool by no more
than 10%. This is not always possible because the ambient pool size may
not be known in real time and it may be so low as to be impossible to add a
large enough signal without overwhelming the in situ substrate levels. In
that case, an addition of 50 to 100 nM is commonly used. The sensitivity of
the isotope tracer method is in the range of nM d�1 and can be optimized
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by adjusting incubation volume, length of incubation, and level of tracer
addition.

Prior to incubation, it is also advisable to add about 250 nM natural
abundance NO2

�. Because the ambient nitrite pool is usually quite small,
any 15NO2

� that is produced is essentially lost immediately to dilution,
uptake by phytoplankton, or oxidation to nitrate. Addition of the carrier
nitrite allows the recently produced nitrite to be diluted into a larger pool,
which can then be recovered at the end of the incubation. The amount of
nitrite added is too small to influence the ammonia oxidizers, although it
may stimulate phytoplankton and nitrite oxidizers.

At the end of the incubation, the sample is filtered through precom-
busted glass fiber or silver filters to remove particulate material (which can
be used for the determination of ammonium uptake rates) and the filtrate
can be frozen for storage until analysis.

15NO2 Analysis. In order to assay its 15N content, the dissolved nitrite
must be removed from solution and concentrated for introduction to the
mass spectrometer. The most common way to concentrate the nitrite
involves converting it to an azo dye that partitions into organic solvents
and then concentrating the dye by either solvent or solid phase extraction.
The solvent extraction method described here is modified from that de-
scribed by Olson (1981) applied to filtrate volumes of 4 liter (necessary for
sensitivity in open ocean environments), but can be scaled to any volume.
The nitrite is first complexed with aniline: add 25 ml of aniline reagent
(5 ml aniline in 1 liter of 2 N HCl) at room temperature, shake to mix well,
and allow to sit for 15 min. Then add 25 ml of �‐naphthol (5 g per liter of
3 N NaOH) to form the dye. Shake well; the solution will turn slightly
orange and the base will form a precipitate in seawater. Add 5 ml
of concentrated HCl and mix well to dissolve the precipitate. Then add
20–30 ml of trichloroethylene and shake well, venting frequently (conve-
niently done using a Teflon separatory funnel if one of sufficient volume is
available). The orange color will partition into the organic phase. Drain the
TCE out of the funnel into a clean glass beaker and add 20–30 ml more
TCE to the water and repeat the extraction. Each extraction is about 80%
efficient, so two extractions are sufficient to remove 98% of the initial dye;
further extractions are usually not useful. Combine the extracts and store at
this step or proceed to the washing steps (see later). If extracting very large
volumes of filtrate, the procedure can be more cumbersome and it is
necessary to pour off the water layer into a holding reservoir and then
pour the TCE off into a beaker. The water must then be returned to the
extraction vessel and the extraction repeated with a new aliquot of TCE.

Wash the extracts in 250‐ml Teflon separatory funnels. This is done
conveniently in small batches of samples using a lazy Susan or other custom
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rack to hold the separatory funnels. Add 100 ml 1 NHCl and mix well with
frequent venting. Allow the layers to separate and discard the acid. Repeat
with another 100 ml of 1NHCl. Then wash twice with 100 ml of 2NNaOH
and twice with 100 ml of dH2O. Because TCE is denser than water, it will
form the lower layer in the separatory funnel. Therefore, it must be
decanted into a beaker at every wash step and then returned to the funnel
for subsequent washes. After the last wash, be sure to achieve a clean
separation between layers and avoid allowing any water into the cleaned
TCE. The cleaned extract can be stored at this step or evaporated in a hood
immediately and stored dry. The dye dries as an orange scum in the beaker
or small glass vial. To introduce the dye into the mass spec, dissolve it in
200 �l TCE (adjust volume to allow replication) and wick or pipette the
solution onto a small fragment of a precombusted glass fiber filter. Encap-
sulate the filter in foil manually or using a pellet press.

An alternative approach uses essentially the same chemistry with a
solid phase extraction (Kator et al., 1992). In this case, the azo dye is
removed from solution by pumping it through a C‐18 ion‐exchange column,
followed by wash solutions, and elution in fresh TCE. The solid phase
extraction is less demanding in terms of physical labor with large volumes
of filtrate and results in elution in a small volume of solvent. In both
permutations of the method, the samples can be processed to the extract
phase and then the initial extract stored, either in glass vials or on the C‐18
columns, for transport back to the laboratory for washing and further
processing. This avoids the necessity to freeze, store, and transport large
volumes of water, which can be inconvenient if many experiments are
carried out on a long research cruise.

Because TCE dissolves many plastics, use glass or Teflon throughout
this protocol for separatory funnels, graduated cylinders, and holding and
storage vessels. All glass utensils and vessels should be combusted at 450�

for 2 h prior to use. Forceps, foil, glass surfaces used for cutting filters, and
so on should be cleaned with ethanol between samples. All of the extraction
steps should be performed in a hood or very well‐ventilated area.

Rate Calculations. Using mass or emission spectrometry, determine the
atom‐% 15N of the sample (Fiedler and Proksch, 1975). It is very straight-
forward to compute the rate of 15NO2 production if you can assume that
the amount of ammonium oxidized represents an infinitesimal fraction of
the ambient ammonium pool. This may be a reasonable assumption if very
short incubations are used and the substrate pool was sizable in the begin-
ning. This is often not the case in seawater where ammonium regeneration
(ammonification of N‐containing organic materials) often proceeds at a
rate comparable to the rate of oxidation. In this case, the atom‐% of the
substrate pool is continually diluted throughout the incubation and failure
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to account for this change will cause an underestimate of the ammonium
oxidation rate. A comparison of the most commonly used equations and a
comparison of the effect of accounting for or ignoring isotope dilution of
the substrate pool can be found in Ward et al. (1989b).
Detection and Evaluation of amoA Genes in the Environment

Phylogeny of Nitrifying Bacteria

The number and diversity of bacterial strains that are identified as
autotrophic‐nitrifying bacteria are rather limited, in comparison, for exam-
ple, to the number and diversity of organisms that are capable of denitrifi-
cation or of nitrogen fixation. A description of the species of ammonia
oxidizers and nitrite oxidizers recognized on the basis of morphology (cell
shape and distribution of internal membranes) and physiology can be
found in Bock and Koops (1992), Koops and Moller (1992), and Koops
et al. (2004), respectively.

The generic and species affiliations of nitrifiers were reassessed on the
basis of DNA sequences of the 16S ribosomal RNA genes from the
cultured strains (Head et al., 1993; Teske et al., 1994). The phylogeny of
nitrifiers (Teske et al., 1994) shows that most of them are descendants of a
common ancestor that was photosynthetic rather than descending from a
common ancestral nitrifier. The ammonia oxidizers are found in the � and
� subdivisions of the Proteobacteria. The nitrite oxidizers are found in the
�, �, and � subdivisions. An excellent description of the phylogeny of the
AOB was provided by Purkhold et al. (2002) as well as in Koops et al.
(2004); the nitrite oxidizers have received much less attention.

The � proteobacterial AOB species, containing the genera Nitrosospira
and Nitrosomonas, have been the subject of many recent studies. The main
tool for investigating them in both culture and field conditions is by
amplification using the polymerase chain reaction (PCR) followed by
DNA sequencing. On the basis of 16S rRNA sequence analysis, several
clusters and a large amount of microdiversity within clusters have been
detected in a wide variety of environments, both terrestrial and aquatic.

The � subdivision ammonia oxidizers are represented by a single genus
and two species, Nitrosococcus oceani and N. halophilus, which have been
reported only from marine or saline environments. Several different strains
of N. oceani exist in culture, but they all appear to be closely related.
They have been detected by PCR in various marine environments
(O’Mullan and Ward, 2005; Ward and O’Mullan, 2002) and in saline lakes
in Antarctica (Voytek et al., 1999) and by immunofluorescence in various
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marine systems ( Ward and Carlucc i, 1985; Ward et al ., 1989a) , inclu ding the
Medi terranean Sea ( Zaccon e et al ., 1996 ). N. ha lophilus was isolated from
salt lakes and lagoons ( Koops et al., 199 0) an d its distribu tion has not been
inves tigated intensel y.

The rest ricted nature of AOB phylogeny makes it feasibl e to detect and
evalua te their comm unity structure on the basis of 16 S rRNA genes. This is
an advantag e of worki ng with AOB because 16S ‐ based an alyses are much
more fraught with uncertaint y and pote ntial e rrors for other microbi al
group s that are defi ned primarily by funct ion rather than phylogeny . In
what is now a tradi tional approa ch, PCR prime rs that are desig ned to be
specifi c for AOB 16S rRNA gen es are used to amplif y gen es from DNA
extra cted from environ mental samples. Several sets of prim ers with varyin g
levels of speci ficity are comm only used. Thi s approach was revie wed e lse-
wher e ( Kowal chuk and Stephen, 200 1) for terr estrial e nvironmen ts. At the
time of their review, relati vely few rep orts from marine syst ems were
availabl e; those data are accumu lating, howeve r, an d they paint a pict ure
of major domi nance by a so far uncultiva ted clade rela ted to Ni trosospir a
( Bano and Hollibau gh, 2000; O’ Mullan and Ward, 2005 ). The genu s
Nitro sococc us appears to be rest ricted to saline envir onment s, but current
evidenc e does not indi cate that it is the domi nant form.

When the que stion focuses more on the funct ion of AOB in the envi-
ronment , rather than more narrow ly on diversit y and comm unity struc -
ture, it is prefer able to us e the gen e amoA , which encod es the signa ture
enzym e in aerobi c amm onia ox idation, ammon ia monooxyge na se. Wh ile
this en zyme is probably related ev olutionaril y to the similar monoo xygen-
ase that catalyze s the first step in aerobi c meth ane oxidat ion ( Holmes et al .,
1995 ), it is relati vely straightforw ard to apply the tradi tional PCR app roach
to investi gate AO B on the basis of their amoA gene sequen ces. amoA
sequen ces offer great er resol ution (great er sequen ce diver gence) an d hold
the promise of molecular regulation information at the level of functional
genes that are directly involved in the biogeochemical transformation of
interest.

Venter et al. (2004) suggested that ammonia oxidizers may also be
found within Archaea, but at present there is insufficient evidence to sup-
port this assertion. The presence of an archaeal gene with limited similarity
to amoA has been detected in metagenomic libraries from both terrestrial
and aquati c envir onment s (Schl eper et al., 2005; Vent er et al ., 2004 ) but
there are currently no data to support Archaeal ammonia oxidation. Re-
gardless, this highlights the continuing need for the cultivation of novel
microbes as a complement to the application of molecular ecological
techniques, and vice versa, for the study of ammonia oxidizers.
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Sample Collection and Storage

Particulate material is collected from water samples by filtration, either
onto flat polysulfone filters by vacuum filtration or onto filter capsules using
a peristaltic pump. The filtering should be done as rapidly as possible (the
capsule filters are generally faster) and all tubing and supplies rinsed
thoroughly with 10% HCl and ddH2O between samples. Flat filters can
be folded and placed in 2‐ml cryovials. It is not necessary to add a buffer to
the filters or filter capsules, but it is necessary to drop them into liquid
nitrogen immediately. Soil or sediment samples are collected by coring or
with clean scoops, placed into 2‐ml cryovials, and frozen immediately in
liquid N2. Once frozen, filters and soil samples should be stored on dry ice
or at �80� prior to extraction. Either RNA or DNA can usually be
obtained from samples handled in this manner.

DNA Extraction and Gene Amplification

There are many DNA extraction protocols, most of them essentially
permutations on a few basic approaches. This section describes some tested
approaches that have worked on a variety of sample formats in our hands.
New kits and protocols become available continually, but the need to
modify or optimize such methods usually ensures that once a protocol is
perfected, it is not always profitable to switch to the next best thing.

If flat filters are used, DNA can be extracted with a phenol/chloroform
protocol (Ausubel et al., 1987), including a CTAB step, in which case the filter
partially dissolves and is discarded at the first phenol centrifugation step. The
chloroform and phenol extractions can be repeated as necessary if the extract
is highly colored or if required to obtain a clean interface. Capsule filters (e.g.,
Sterivex from Millipore) are conveniently extracted using the Gentra Pure-
Gene kit (the tissue protocol), which is modified by doubling or tripling
the initial reagent volumes and the initial extraction is performed inside the
capsule. Obtaining clean DNA extracts from sediments is often much more
problematic than from water, and the most reliable kit in our hands is the
Bio101 Soil DNA kit. The washes at the bead step can be repeated, and
elution in a larger volume than the kit suggests is usually advised.

In order to obtain RNA from an environmental sample, the usual
protocols to avoid RNase contamination must be observed. For particulate
material collected from water onto capsule filters, we use the RNAqueous
4PCR kit from Ambion (or the RNeasy kit from Qiagen). Obtaining RNA
from sediment samples is still very problematic. A new kit designed for
extraction of RNA from soil has been produced by Bio101 and, in our
hands, yields small quantities of RNA, but shows promise. It is advisable to
synthesize cDNA immediately following elution of RNA from the spin
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columns or membranes used in the extraction protocols, using, for exam-
ple, the Superscript kit from Invitrogen with random oligonucleotides. The
cDNA so produced is much more stable and less prone to degradation than
the original RNA, but the RNA can be stored at �80� for future experi-
ments. Check the quality of the cDNA by PCR amplification with EUB
(‘‘universal’’ eubacterial 16S rRNA) primers. Include the RNA as a tem-
plate in control reactions. If the RNA control amplifies, it could indicate
that the extract still contains DNA (even after a DNase treatment as part
of the RNA extraction protocol). However, most Taq polymerase enzymes
contain a very small amount of reverse polymerase activity and can result
in a faint EUB amplification from RNA.

Once the DNA extract or cDNA is obtained, the first PCR reaction
should be performed with a universal bacterial primer set simply to verify
the PCR quality of the extract. As a positive control, include a reaction
with DNA extracted from a pure culture of bacteria. It is often necessary to
optimize a new primer set or extraction protocol at the PCR level, and
optimal conditions for the same primer set may vary depending on the
nature of the template. The Taguchi approach (Cobb and Clarkson, 1994)
is extremely useful in this regard; it prescribes an initial set of nine PCR
reactions that usually suffice to identify optimal conditions, or at the least
to indicate how to further modify the conditions in order to maximize yield
of the correct product. If the positive control reaction yields the expected
product and the environmental DNA extract does not amplify, the problem
is at least as likely to be DNA quality as target abundance. Ethanol
precipitation is sometimes effective as a cleanup, as are additional phenol
extractions. We have found that PCR ability is improved by performing
the bead binding and washing steps from the Bio101 kit, regardless of
whether the DNA extract was initially obtained with that kit or with
another protocol. Simply dilute a small portion of the extract (e.g., 25 �l)
with 5–10 volumes of the binding buffer (we use the PB buffer from the
Qiaquick spin kits), add 200 �l of the Bio101 binding matrix, mix 2 min,
wash as indicated (use larger volume multiple washes), and elute in up to
500 �l of warmed ddH2O. Impurities that might inhibit PCR are either
removed or diluted by this procedure. Use up to 10 �l of the cleaned DNA
in the PCR reaction, adjusting water volumes accordingly.

Probably because AOB usually comprise a very small component of the
total bacterial assemblage in most environments, many workers use a
nested PCR protocol to amplify both 16S rRNA and amoA genes from
environmental DNA extracts. For 16S rRNA, the first step is amplification
with universal eubacterial (EUB) primers (e.g., Escherichia coli position
9 to 1542 primers of Liesack et al., 1991) and a few alternative comparable
primers are now available. The EUB PCR product is then used as the
template in the specific AOB amplification [both � and � proteobacterial



[24] AEROBIC AMMONIA OXIDATION 407
AOB 16S rRNA gene fragments can be obtained in this manner, using
appropriate primer pairs (e.g., O’Mullan and Ward, 2005)]. Alternatively,
many workers have succeeded in amplifying AOB 16S rRNA genes direct-
ly without the nested approach (e.g., Bano and Hollibaugh, 2000) (Table I).
TABLE I

AOB PRIMERS

Target 16S rRBA genes

Primer

name

Position

in E. coli Sequence 50‐30 Reference

EUB1 9–27 GAGTTTGATCCTGGCTCAG Liesack et al.

(1991)

EUB2 1525–1542 AGAAAGGAGGTGATCCAGCC Liesack et al.

(1991)

�AMOf 142–162 TGGGGRATAACGCAYCGAAAG McCaig et al.

(1994)

�AMOr 1302–1321 AGACTCCGATCCGGACTACG McCaig et al.

(1994)

NITA 137–160159 CTTAAGTGGGGAATAACGCATCG Voytek and

Ward (1995)

NITB 12143–1234 TTACGTGTGAAGCCCTACCCA Voytek and

Ward (1995)

CTO 189f 189–207 GGAGRAAAGYAGGGGATCG Kowalchuck

et al . (1997)

CTO 654r 632–653 CTAGCYTTGTAGTTTCAAACGC Kowalchuck

et al . (1997)

NOC1 25–45 CGTGGGAATCTGGCCTCTAGA Voytek et al.

(1999)

NOC2a 111668–

11881686

AGATTAGCTCCGCATCGCGT Voytek et al.

(1999)

Target amoA gene

Position in N. europaea

AmoA‐1F 332–349 GGGGTTTCTACTGGTGGT Rotthauwe

et al. (1997)

AmoA‐2R 802–822 CCCCTCKGSAAAGCCTTCTTC Rotthauwe

et al. (1997)

AMO189 GGNGACTGGGACTTCTGG Holmes et al.

(1995)

AMO682 GAASGCNGAGAAGAASGC Holmes et al.

(1995)

aThe sequence given here for NOC2 is slightly different from that published by Ward et al.

(2000). It has been modified to make it slightly more broad and to enhance its ability to

amplify Nitrosococcus halophilus, the only other cultivated member of the marine

Nitrosococcus genus.
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A variety of primer sets ha ve been develope d to ampl ify specifical ly the
16S rRNA g enes from AOB. The three most common ly used primers sets
for the amplific ation of � proteobac terial AO B 16 S rRNA gen es are
� AMO f and � AMO r ( McCai g et al ., 1994 ), NITA and NITB (Voytek
and Ward, 1995), and CTO 189f an d CTO 654r ( Kowal chuk et al ., 1997 ).
The first two primer sets amplify approximately 1200‐ and 1100‐bp frag-
ments, respectively, while the last set yields an approximately 465‐bp
fragment that is often used for DGGE studies. The �AMO primers were
instrumental in expanding the range of recognized AOB 16S rRNA se-
quences but were designed with relatively low specificity for AOB in an
effort to obtain sequences beyond the known cultured strains. This lack of
specificity can be problematic in environmental analyses because non‐
AOB sequences are often amplified, but they can often be applied success-
fully to studies on enrichment cultures. In contrast, the NIT primer set has
greater specificity for the known AOB, but has been criticized for its bias
toward a preferential amplification of some Nitrosomonas lineages. The
CTO primer set amplifies a short fragment, making it useful for DGGE but
less powerful for phylogenetic discrimination. We have found that the
NITA,B primer set is useful for most environmental samples, where
the amplification of many false negatives would be overly problematic. The
NITA,B primers also produce phylogenetic patterns that are consistent
with amoA results when both genes are amplified from the same set of
marine samples (Caffrey et al., 2003; O’Mullan and Ward, 2005), including
those samples dominated by Nitrosospira‐like sequences. Koops et al.
(2004) provided a useful overview of the specificity of these primer sets
as well as many hybridization probes.

Analysis of � proteobacterial 16S rRNA gene sequences is much less
common, and the NOC1,2 primer set (Voytek et al., 1999) is used exclu-
sively for specific amplification of this group. We have found that the
diversity detected in marine environments with this primer set is extremely
limited, likely reflecting the limited sequence information available for
their design (Ward and O’Mullan, 2002). An altered version of this primer
set was designed but did not yield an amplification product from marine
sediments (Freitag and Prosser, 2003). The isolation of new AOB strains
and the steady increase in the number of identified environmental se-
quences require that primer design be reevaluated constantly for specificity
and altered as appropriate.

Different PCR primer sets are used to amplify the amoA gene frag-
ments from � proteobacterial and � proteobacterial AOB. Primers AmoA‐
1F and AmoA‐2R of Rotthauwe et al. (1997) are specific to the � AOB; we
usually decrease the annealing temperature to 55� and otherwise use the
protocols of Rotthauwe et al. (1997). Minor alterations have been made to
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this primer set by Stephen et al. (1999), and a suite of nondegenerate, but
otherwise similar, primers have been used for DGGE and competitive
PCR (Bjerrum et al., 2002; Nicolaisen and Ramsing, 2002). The primers
AMO189 and AMO682 of Holmes et al. (1996) amplify both � and �
proteobacterial AOB amoA gene fragments, and we have found them to
be useful in combination with the Rotthauwe primers in a nested arrange-
ment in order to increase sensitivity with difficult templates. A set of amoA
primers designed specifically to amplify a gene fragment from the � pro-
teobacterial strains in culture (Purkhold et al., 2000) have apparently not
been widely used in environmental applications. It can be problematic to
amplify amoA from environmental samples; whether this is simply a prob-
lem of target abundance (i.e., amoA is likely to be much less abundant than
16S rRNA from the same organisms due to the difference in gene copy
number), a problem of extract quality, or of sequence divergence in natural
assemblages remains to be resolved.

The procedures for cloning, sequencing, and analyzing the resulting
gene sequences are standard and are not described here. The same PCR
primers used for detection and diversity studies are applicable for Q‐PCR
studies (Okano et al., 2004). The details of controls and quantification for
Q‐PCR described in the nifH chapter by Zehr and Short should be appli-
cable to analogous experiments with amoA and will not be repeated here.

Microbial ecology is likely to make the most progress while utilizing the
‘‘simplest’’ of microbial groups rather than the most inclusive, universal
datasets. It has been argued that AOB provide a powerful model system
for microbial ecology because of their limited phylogenetic diversity, par-
allel topology of 16S rRNA and amoA genealogies, and clear identification
by functional as well as phylogenetic criteria (Kowalchuk and Stephen,
2001). In many environments it appears that even limited sampling of clone
libraries (20 to 50 clones) for AOB genes may adequately identify domi-
nant sequences rather than simply revealing stochastic variation in a poorly
sampled, complex dataset. The limited diversity of this group lends itself to
rarefaction analysis, analyses of molecular variation, and community fin-
gerprinting approaches. When such analyses are integrated with the bio-
geochemical measures described earlier, the coupling of bacterial dynamics
to clear measures of functional variation is a goal within reach.
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[25] Community‐Level Analysis: Key Genes of
Aerobic Methane Oxidation

By MARC G. DUMONT and J. COLIN MURRELL

Abstract

Aerobic methane‐oxidizing bacteria (methanotrophs) are a diverse group
of bacteria that are currently represented by 13 recognized genera. They
play a major role in the global methane cycle and are widespread in nature
with representatives found in soils, freshwater, seawater, freshwater andmar-
ine sediments, peat bogs and at extremes of temperature, salinity, and pH.
There has been an interest in methanotrophs for their potential in bioreme-
diation processes. Methanotroph diversity and ecology are often studied
using the ‘‘functional’’ genes pmoA,mmoX, andmxaF, encoding subunits of
the particulate methanemonooxygenase, soluble methanemonooxygenase,
and the methanol dehydrogenase, respectively. This chapter describes
methods used to detect and analyze these functional genes.

Introduction

Aerobic methane‐oxidizing bacteria (methanotrophs) can use methane
as a sole source of carbo n and energy ( Hanson and Hanson, 1996 ). Gl obally,
the bulk of biological methane oxidation activity occurs in the aerobic zones
overlaying anoxic sediments where methane is generated by methanogens.
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