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Summary

This study determined nitrification activity and nitri-
fier community composition in soils under stands of
red alder (Alnus rubra) and Douglas fir (Pseudotsuga
menziesii) at two sites in Oregon. The H.J. Andrews
Experimental Forest, located in the Cascade Moun-
tains of Oregon, has low net N mineralization and
gross nitrification rates. Cascade Head Experimental
Forest, in the Coast Range, has higher net N
mineralization and nitrification rates and soil pH is
lower. Communities of putative bacterial [ammonia-
oxidizing bacteria (AOB)] and archaeal [ammonia-
oxidizing archaea (AOA)] ammonia oxidizers were
examined by targeting the gene amoA, which codes
for subunit A of ammonia monooxygenase. Nitrifica-
tion potential was significantly higher in red alder
compared with Douglas-fir soil and greater at
Cascade Head than H.J. Andrews. Ammonia-oxidizing
bacteria amoA genes were amplified from all soils,
but AOA amoA genes could only be amplified at
Cascade Head. Gene copy numbers of AOB and
AOA amoA were similar at Cascade Head regardless
of tree type (2.3–6.0 ¥ 106amoA gene copies g-1 of
soil). DNA sequences of amoA revealed that AOB
were members of Nitrosospira clusters 1, 2 and 4.
Ammonia-oxidizing bacteria community composition,
determined by terminal restriction fragment length
polymorphism (T-RFLP) profiles, varied among sites
and between tree types. Many of the AOA amoA
sequences clustered with environmental clones
previously obtained from soil; however, several
sequences were more similar to clones previously
recovered from marine and estuarine sediments. As

with AOB, the AOA community composition differed
between red alder and Douglas-fir soils.

Introduction

Nitrogen availability and turnover vary considerably
among different forest types within the Pacific Northwest
(Hart et al., 1997; Leckie et al., 2004; Grayston and Pres-
cott, 2005), and high rates of nitrification have been
observed in forested sites where net primary productivity
is high and in soils associated with red alder (Hart et al.,
1997). Although the existence of acetylene-sensitive nitri-
fication and the presence of ammonia-oxidizing bacteria
(AOB) in soil at pH < 5 has led to speculation that AOB
may be the primary nitrifiers in acidic soils (De Boer and
Kowalchuk, 2001; Gieseke et al., 2006), questions remain
about the ability of AOB to nitrify under these conditions
because no cultured isolates can nitrify at pH < 5.

During the last few years, crenarchaeota possessing
putative amoA genes have been identified in marine and
terrestrial environments (Könneke et al., 2005; Treusch
et al., 2005; Leininger et al., 2006). Detection and quan-
tification of amoA RNA transcripts (Leininger et al., 2006)
and an increase in transcript number following NH4

+ addi-
tions (Treusch et al., 2005) suggest that ammonia-
oxidizing archaea (AOA) may function in at least some
agricultural and grassland soils (Nicol and Schleper,
2006). Investigations in other soil types are needed to
determine if AOA are ubiquitously distributed in soils and
if their composition and activities are influenced by soil
factors and plant community composition.

In the case of AOB, Nitrosospira clusters 2, 3 and 4
have been identified in acidic forest soils (Laverman et al.,
2001; Mintie et al., 2003; Compton et al., 2004; Nugroho
et al., 2005; 2006) and research has linked nitrifier com-
munity composition to factors such as vegetation type
(Nugroho et al., 2005), microclimate (Mintie et al., 2003),
disturbance (Yeager et al., 2005) and temperature (Avra-
hami et al., 2003; Avrahami and Conrad, 2005). The links
between AOB diversity and function remain unclear,
however (Kowalchuk et al., 2000; Laverman et al., 2001;
Webster et al., 2002; 2005; Horz et al., 2004; Chu et al.,
2007). Bottomley and colleagues (2004) found that even
when soil was reciprocally transferred from forest to
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meadow environments and nitrification and AOB popula-
tions increased, amoA composition did not significantly
vary after 2 years. In contrast, Horz and colleagues
(2004) reported increased nitrification and a community
shift towards Nitrosospira cluster 2 following fertilization
experiments. The question remains to what extent tree
type or ecosystem net primary productivity may influence
the population sizes and composition of AOB in forest
soils.

A study was designed to compare the AOB and AOA
community compositions in soils under different tree
species and that express different rates of nitrification.
Two experimental tree plantations containing pure stands
of Douglas fir (Pseudotsuga menziesii) and red alder
(Alnus rubra) were selected for these experiments. Previ-
ous research had indicated differences in gross and net
nitrification rates between vegetation types at each site
(Boyle et al., 2008). The soil at Cascade Head Experi-
mental Forest had gross nitrification rates that were three-
fold higher than in soils at the H.J. Andrews Experimental
Forest. The objectives of the current study were to: (i)
measure nitrification potential in soils under differing veg-
etation types, and (ii) quantify and characterize the AOB
and AOA communities and examine correlations between
composition and function.

Results

Nitrification potential

Nitrification potential varied significantly between sites
and tree types (Table 1). Cascade Head soils averaged
2.69 mg of N kg-1 of soil day-1 compared with H.J.
Andrews soils, which averaged 0.88 mg of N kg-1 of soil
day-1. Nitrification potential was 2- and 12-fold greater in
red alder compared with Douglas-fir soils at Cascade
Head and the H.J. Andrews respectively. When acetylene
was added to nitrification slurries, NO3

- did not accumu-
late in H.J. Andrews soils or in soils from under Douglas fir

at Cascade Head. A residual rate of acetylene-insensitive
nitrification remained in red alder soil from Cascade Head
that was approximately 12% of the control rate (Table 1).
At the end of the incubation, pH values of the soil slurries
remained similar to those measured in the soils initially
(4.6–5.3 at Cascade Head and 5.2–5.8 at H.J. Andrews
soils).

Quantitative PCR determination of amoA gene
copy numbers

Ammonia-oxidizing bacteria amoA copy numbers were
significantly higher in red alder soils from H.J. Andrews
than red alder soils from Cascade Head; at H.J. Andrews
copy numbers were significantly higher in soil under red
alder compared with Douglas fir (Fig. 1). Ammonia-
oxidizing archaea amoA copy numbers were below detec-
tion limits (5 ¥ 104 copies g-1 of soil) in H.J. Andrews soils.
At Cascade Head AOA amoA copies were higher in
Douglas-fir soil compared with red alder soil (P = 0.07).
The ratios of AOA:AOB copy numbers in Cascade Head
Douglas-fir and red alder soils were 1.80 and 0.42 respec-
tively (Fig. 1). Ammonia-oxidizing bacteria amoA copy
numbers were higher in red alder soils compared with
AOA copy numbers (P = 0.10). Copy numbers did not
correlate with nitrification potential for either gene.

Terminal restriction fragment length polymorphism
(T-RFLP) profiles and terminal restriction
fragment abundance

Restriction patterns of PCR-amplified AOB amoA
sequences generated with TaqI indicated that all AOB
were members of the genus Nitrosospira; all patterns

Table 1. Nitrification potentials.

Site/tree type

-Acetylene
(mg of N kg-1 of
soil day-1)

+Acetylene
(mg of N kg-1 of
soil day-1)

Cascade Head
Douglas fir 1.68 � 0.75 -0.38 � 0.02
Red alder 3.69 � 0.57 0.46 � 0.13

H.J. Andrews
Douglas fir 0.14 � 0.10 0.04 � 0.00
Red alder 1.62 � 0.18 -0.05 � 0.03

P-value
Site < 0.001 NS
Tree 0.056 NS

Mean � standard error (n = 3). Statistical significance for main effects
of site and tree species is shown as a P-value (NS = P > 0.10);
site-by-tree interactions were not significant (P < 0.05).

Fig. 1. amoA gene copy numbers for AOB and AOA. Bars
represent the mean of three field replicates with SE (n = 3). The
ratio of AOA:AOB is given above the bars for Cascade Head.
Ammonia-oxidizing archaea copy numbers at H.J. Andrews were
below a detection limit of 5 ¥ 104 copies g-1 of soil.
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contained a single peak at 283 bp (Horz et al., 2000).
Community composition determined by AOB amoA termi-
nal restriction fragment length polymorphism (T-RFLP)
profiles using AluI and CfoI varied by site (P = 0.02, A-
statistic = 0.12) and tree type (P = 0.03, A-statistic =

0.11) (Fig. 2A). Ammonia-oxidizing bacteria amoA com-
munity composition correlated with nitrification potential
(r 2 = 0.41) and AOB amoA copies g-1 of soil (r 2 = 0.85).
Indicator species analysis identified specific terminal
restriction fragments (T-RFs) that varied based on site
and tree type. There were several T-RFs that differed
significantly between sites, including AluI 490. AluI 490
was significantly higher in Cascade Head soils than H.J.
Andrews soils (Fig. 3A). In the case of tree type CfoI 95
was different (P = 0.06) with a higher percentage of total
fluorescence in red alder compared with Douglas-fir soils
(Fig. 3A).

Archaeal amoA was amplified from all Cascade Head
plots, but was not amplified from any H.J. Andrews plot.
Terminal restriction fragment length polymorphism profiles
for AOA amoA were significantly different between the two
tree types (P = 0.022, A-statistic = 0.43) and correlated
with nitrification potential (r 2 = 0.51) and AOA amoA
copies g-1 of soil (r 2 = 0.30). Indicator species analysis did
not identify specific T-RFs that contributed to tree type
differences at a P-value < 0.05, but several T-RFs were
significant at P = 0.10, including MspI 442 and RsaI 292.
The per cent fluorescence of MspI 442 was greater in red
alder soil, whereas RsaI 292 was greater in Douglas-fir
soil (Fig. 3B).

AOB and AOA sequences

Ammonia-oxidizing bacteria clones were screened for
those T-RFs that contributed to site and tree type
differences. Phylogenetic analysis revealed that most
sequences belonged to Nitrosospira clusters 2 and 4
(Avrahami et al., 2002), with two clones A-36 (AluI 490-
CfoI 136) and B-22 (AluI 393-CfoI 167) belonging to
cluster 1 (Fig. 4). Of the remaining clones, B-18 (AluI
389-CfoI 167) and B-44 (AluI 167-CfoI 167) were closely
related to Nitrosospira CT2F (Mintie et al., 2003), a cluster
4 isolate from a higher elevation conifer soil in the H.J.
Andrews. Clones C-3 (AluI 490-CfoI 95), C-18 (AluI 490-

Fig. 2. Non-metric multidimensional scaling (NMS) ordination of
T-RFLP profiles for AOB amoA (A) and AOA amoA communities
(B). Cascade Head (triangles), H.J. Andrews (circles), Douglas fir
(black symbols) and red alder (grey symbols). There was no
amplification of AOA amoA in H.J. Andrews soils. Vectors show
correlation with nitrification potentials and ammonia oxidizer
populations.

Fig. 3. Relative abundance of selected T-RFs
for AOB amoA profiles (A) and AOA amoA
profiles (B). Bars represent the mean of three
replicates with SE.
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CfoI 95) and C-23 (AluI 393-CfoI 95) all contained cut site
CfoI 95, the dominant T-RF in red alder soils (Figs 3A
and 4).

Twenty archaeal amoA sequences were used in a phy-
logenetic analysis. At 98% similarity the clone library con-
tained 15 unique operational taxonomic units (OTUs).
Clones clustered into four main clades. Clones 12C-1,
4B-2, 4C-2, 5C-1 and 9H-1 (CfoI 261-MspI 559-RsaI 292)

were 99% similar and grouped closely with other environ-
mental clones from soil (Fig. 5). Clones 12C-2, 4A-1 and
7F-1 (CfoI 559-MspI 258-RsaI 559) were 98% similar and
also grouped with soil clones. The remaining AOA
sequences including clone 12F-2 (CfoI 559-MspI 442-
RsaI 203) were more divergent and tended to cluster with
clones recovered from estuarine sediments, marine and
wastewater treatment plants (Francis et al., 2005) (Fig. 5).

Fig. 4. Bacterial amoA tree constructed using
Bayesian analysis. Numbers show the
probability of clade assignments. Cluster
assignments are made based on Avrahami
and colleagues (2002). Environmental clones
from this study appear in bold with the site,
Cascade Head (CH) or H.J. Andrews (HJA),
and tree type, Douglas fir (DF) or red alder
(RA), appearing in parentheses.

L40804 Methylococcus capsulatus
AF037108 Nitrosococcus mobilis
L08050 Nitrosomonas europaea

U76553 Nitrosospira briensis
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EF544033_C-1 (CH RA)
1.00
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EF544031_C-17 (HJA RA)

0.99

0.93
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1.00

0.93

0.93

0.82
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1.00
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1.00
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Discussion

The presence of red alder in conifer-dominated ecosys-
tems has been shown to increase both gross and net
nitrification in soil (Binkley et al., 1992; Hart et al., 1997;
Boyle et al., 2008), and reduce soil pH (Rhoades and
Binkley, 1992). Data from both experimental sites showed
greater nitrification potential in red alder compared with
Douglas-fir soils, although the nitrification potential
increased to a greater extent under red alder at H.J.
Andrews, where red alder may have contributed to a
proportionately greater increase in available N. The nitri-
fication potential rates measured in this study, using soil

slurries, were similar to the rates of gross nitrification
measured in whole soil by Boyle and colleagues (2008)
(r 2 = 0.50) (Table 1), suggesting that at the time of sam-
pling nitrification conditions may have been close to
optimum even at the low pH of whole soil and nitrification
potential soil slurries.

Based on pure culture studies of AOB that determined
rates of NH3 oxidation to be between 1 and 10 ¥ 10-15 mol
cell-1 h-1 (Belser and Schmidt, 1978; Jiang and Bakken,
1999), the nitrification potentials measured in these soils
could be supported by AOB population densities as low as
0.4–4.0 ¥ 105 cells g-1 of soil in H.J. Andrews Douglas-fir
soil and as high as 0.1–1.1 ¥ 10-7 cells g-1 of soil in

Fig. 5. Archaeal amoA tree constructed using
Bayesian analysis. Numbers show the
probability of clade assignments.
Environmental clones from this study appear
in bold with the site Cascade Head (CH) and
tree type, Douglas fir (DF) or red alder (RA),
appearing in parentheses.
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DQ278528
DQ278526
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DQ148726

0.98

0.95

0.98

0.80
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EF530120_10G-2 (CH RA)

EF530119_9A-2 (CH RA)
DQ148789
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0.69
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0.67

1.00

0.91

0.97

0.92

0.90

0.75

0.70

0.1

EF530123_11E-2 (CH RA)
EF530122_12C-1 (CH RA)
EF530110_4B-2 (CH DF)
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EF530113_5C-1 (CH DF)
EF530118_9H-1 (CH RA)

DQ534815
DQ534702
DQ534703

DQ534704
EF530124_12C-2 (CH RA)
EF530109_4A-1 (CH DF)
EF530115_7F-1 (CH DF)

EF530125_12E-2 (CH RA)
1.00
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Cascade Head red alder soil. If we assume three copies
of amoA cell-1 (J. Norton, unpublished), these population
values fall within estimates made by quantitative PCR
(Q-PCR) (Fig. 1) and also agree with values reported
elsewhere (Okano et al., 2004; Leininger et al., 2006).
In Douglas-fir soils, differences in gene copy numbers
between sites correlated with nitrification potential
(Table 1, Fig. 1), but no correlation was found for red alder
soil. Furthermore, in Cascade Head red alder soils, the
population densities (2.0 ¥ 106 cells g-1 of soil) were at the
lower limit of the range that we predicted based on nitri-
fication potentials, suggesting that if AOB are solely
responsible for nitrification in these soils they are oxidizing
NH3 close to the highest rate documented for pure cul-
tures (10 ¥ 10-15 mol cell-1 h-1). Although it is possible to
account for all nitrification activity with measured AOB
populations these findings provide circumstantial evi-
dence that another population of organisms may be con-
tributing to NH3 oxidation.

The AOA : AOB ratios measured at Cascade Head
(Fig. 2) tended to be lower (1.8 and 0.42) than those
reported previously in European soils (1.5–232) (Lein-
inger et al., 2006), perhaps because the soils at Cascade
Head are forested, more acidic (3.6–4.1), and contain
higher concentrations of organic nitrogen (Boyle et al.,
2008). To the authors’ knowledge there are no published
reports of rates of NH3 oxidation per cell by cultures of
AOA. Using data presented by Könneke and colleagues
(2005) we calculated that the rate of NH3 oxidation by
Nitrosopumilus maritimus ranges between 0.25 and
0.35 ¥ 10-15 mol cell-1 h-1, if we assume that soil AOA
possess one copy of amoA cell-1 like N. maritimus (Stahl
and Richardson, 2007). The AOA population density esti-
mates made at Cascade Head of approximately 107 cells
g-1 of soil could support the nitrification potentials mea-
sured at the site. Further research is needed to determine
the relative contribution of AOA and AOB to nitrification in
these soils.

Ammonia-oxidizing bacteria composition determined by
T-RFLP profiles varied by site and tree type, suggesting
that complex changes brought about by differing climate,
soil and vegetation types affected the diversity of AOB.
Terminal restriction fragment length polymorphism profiles
also correlated with AOB copy number, but correlated to
a lesser extent with nitrification potential. These results
could be due to T-RFLP profiles being based on total AOB
community DNA, which encompasses both active and
inactive members of the oxidizer community. Terminal
restriction fragment CfoI 95 was significantly higher in red
alder compared with Douglas-fir soils (Fig. 3), and at least
one clone (C-3) that contained CfoI 95 appeared to
belong to Nitrosospira cluster 2. Previously, researchers
identified Nitrosospira cluster 2 in chronic N-amendment
plots (Compton et al., 2004) and acidic Scots pine forests

(Nugroho et al., 2005). Although Nugroho and colleagues
(2007) suggested that cluster 2 may survive in low pH
soils through urea-hydrolysis, urease is not unique to
Nitrosospira cluster 2 and is widely, albeit non-uniformly
distributed among AOB (Koops and Pommerening-Röser,
2001; Koops et al., 2003). Further work is needed to
understand why Nitrosospira cluster 2 thrives in this
acidic, high N environment. It is also worth mentioning
that two of the clones recovered from the H.J. Andrews
also grouped with Nitrosospira cluster 1, a group found
predominately in marine systems. Because no isolates
exist for Nitrosospira cluster 1, their role in NH3 oxidation
remains speculative.

We believe our data are the first to show the presence
of AOA amoA in forest soils under both coniferous and
deciduous tree species. Archaeal amoA did not amplify
even after several attempts in H.J. Andrews soils with
different primer sets (Francis et al., 2005; Treusch et al.,
2005) and under different conditions, suggesting that AOA
may exist at levels below our current amplification ability.
Alternatively, if present, AOA in H.J. Andrews soils may be
sufficiently different so as not to amplify with current
primers. Given that we were able to recover sequences
from Cascade Head that grouped with a variety of other
known sequences, H.J. Andrew AOA could be signifi-
cantly different from those in the current public database.
Ammonia-oxidizing archaea amoA consistently amplified
in all Cascade Head soils, and T-RFLP profiles from puta-
tive AOA amoA genes at Cascade Head differed by tree
type (Fig. 2B), suggesting that AOA community composi-
tion, like AOB composition, may be impacted by changes
brought about by the presence of red alder. Terminal
restriction fragment RsaI 292 was higher in Douglas-fir
soil (Fig. 3B) and was found in a group of clones that
clustered with other AOA amoA soil clones, whereas MspI
442 was greater in red alder soil and was observed
in sequences that clustered with sediments. As more
sequences of AOA amoA are collected and made avail-
able, it will be interesting to see if AOA sequences con-
tinue to cluster based on environment or if other factors
such as vegetation type or N availability will shed new
light on the factors influencing their community com-
position and activity. Our unpublished findings also indi-
cated that archaeal communities based on 16S rRNA
sequences differed between Cascade Head and H.J.
Andrews soils and between tree types. Other research
has also shown that archaeal populations may vary
between soil types and plant communities (Jurgens
et al., 1997; Ochsenreiter et al., 2003; Nicol et al., 2007).
Further research is needed to determine if differences in
AOA distribution, population size and community compo-
sition contribute to the increased rates of NH3 oxidation
that we observed in soils at Cascade Head and in the
presence of red alder.
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Experimental procedures

Site description and sample collection

Soils were sampled in two experimental tree plantations
where trees were approximately 20 years old (Radosevich
et al., 2006). Plots measured 27 m ¥ 27 m and contained
either pure stands of Douglas fir or red alder. The first site
was located in Cascade Head Experimental Forest, 1.6 km
from the Pacific Ocean, at an elevation of 330 m. The weath-
ering of basaltic headlands has created a Histic Epiaquand
(Rhoades and Binkley, 1992) with high soil fertility and pH 4.
The second site was located in the H.J. Andrews Experimen-
tal Forest in the Cascade Mountains at an elevation of 800 m.
The soil is best classified as a Haplumbrept (Dyrness, 2005)
with pH 5. Concentrations of soil N, NH4

+ and NO3
- are sig-

nificantly lower at H.J. Andrews in comparison with Cascade
Head (Boyle et al., 2008). Soil NO3

- concentrations averaged
6.2 mg kg-1 of soil at Cascade Head and 1.8 mg kg-1 of soil at
H.J. Andrews. Red alder soils had significantly higher NO3

-

concentrations (Boyle et al., 2008), with the highest NO3
-

concentrations in Cascade Head red alder soil (8.0 mg kg-1

of soil) and the lowest in H.J. Andrews Douglas-fir soil
(0.3 mg kg-1 of soil). Soil samples were collected in the spring
of 2006, 1 month after red alder leaves emerged. Ten soil
cores (3 cm ¥ 10 cm) were taken from each of three replicate
plots per treatment. Five cores were placed into each of two
bags per plot and homogenized. Samples were transported
on ice to the lab, where 1 g of samples were removed from
each bag for DNA extraction. The remaining soil from each
plot was homogenized and used in nitrification potential
assays.

Nitrification potential assay

Nitrification potentials were determined on fresh soils using a
shaken soil-slurry method (Hart et al., 1994). After sieving
(4 mm), portions of soil (15 g of dry-weight equivalent) from
each plot were extracted with 135 ml of 1.0 mM potassium
phosphate buffer (pH 7.2) in order to remove background
NO3

-. The slurries were then centrifuged (6000 g; 10 min) to
pellet soil particles and the buffer was decanted. The soil
pellet was re-suspended in 135 ml of 1.0 mM phosphate
buffer (pH 7.2) containing 1.5 mM NH4

+. Aliquots of the soil
suspension (20 ml) were placed into six, 160 ml serum vials,
taking care to keep the slurry well mixed. The remaining
slurry was centrifuged to pellet soil particles and filtered
(2 mm). This filtrate was used to establish initial NO3

-

concentrations. The six serum vials were crimp-sealed using
butyl rubber stoppers and acetylene was added to three of
the vials (10.8 kPa). All vials were shaken at 25°C for 30 h,
centrifuged to remove soil particles, and filtered (2 mm). Con-
centrations of NO3

- in the filtrates were measured using an
autoanalyser (Astoria Pacific, Portland, OR). The pH of the
soil slurries was measured at the end of the incubation.

DNA extractions and PCR amplification

DNA was extracted from soil (0.25 g) using an MOBio Pow-
erSoilTM DNA isolation kit (MoBio Laboratories, Carlsbad, CA)
according to the manufacturer’s instructions, with the modifi-

cation that a Bio101 FastPrepTM instrument was used to lyse
cells (MP Biomedicals, Solon, OH). The MOBio bead beating
tubes were shaken for 45 s using the FastPrep instrument.
Extracts were quantified using a NanoDropTM ND-1000
UV-Vis Spectrophotometer (NanoDrop Technologies, Wilm-
ington, DE) and diluted to 25 ng ml-1. Two extracts from each
plot were used as a composite template by combining 25 ml of
each 25 ng ml-1 dilution.

Approximately 100 ng of DNA was used in each conven-
tional PCR reaction. Ammonia-oxidizing bacteria amoA
genes were amplified using primers amoA-1F (5′-GGG GGT
TTC TAC TGG TGG T) and amoA-2R (5′-CCC CTC KGS
AAA GCC TTC TTC) (Horz et al., 2000), under conditions
described previously (Mintie et al., 2003) using a PTC-100
Programmable Thermocycler (MJ Research, Watertown,
MA). Archaeal amoA was amplified using primers amo111F
(5′-TTY TAY ACH GAY TGG GCH TGG ACA TC) and
amo643R (5′-TCC CAC TTW GAC CAR GCG GCC ATC CA)
(Treusch et al., 2005) in a 50 ml reaction mix containing: 1¥
PCR buffer, 2 mM MgCl2, 0.2 mM dNTPs, 0.2 m Primer,
0.064% BSA. Archaeal amoA was amplified using the follow-
ing conditions: 94°C for 5 min, followed by 30 cycles at 94°C
for 30 s, 55°C for 30 s, 72°C for 45 s, ending with an exten-
sion step of 72°C for 7 min. Additional PCR conditions were
tested with DNA extracts from H.J. Andrews in an attempt to
achieve amplification. A DNA EngineTM thermocycler (Bio-
Rad Laboratories, Hercules, CA) with a gradient block was
used to test annealing temperatures from 45°C to 55°C and
cycle numbers of 30, 35 and 40. Although these less stringent
conditions resulted in non-specific amplification in Cascade
Head soils, no amplification of the correct size fragment was
observed in H.J. Andrews soils.

T-RFLP and Q-PCR

Terminal restriction fragment length polymorphism profiles
were generated using primers amoA-1F (Horz et al., 2000;
Mintie et al., 2003) and amo111F (Treusch et al., 2005)
labelled with a 6-FAM fluorophore. The resulting products
were cleaned using a QiaquickTM PCR Purification kit
(Qiagen, Valencia, CA) and restricted. Ammonia-oxidizing
bacteria PCR products were restricted using AluI, CfoI and
TaqI, and AOA PCR products were restricted with CfoI, MspI
and RsaI. Restriction products were column-purified and pro-
files were analysed by the Oregon State University Center
of Genome Research and Biocomputing using an ABI
3100 capillary DNA sequencer (Applied Biosystems, Foster
City, CA).

Ammonia-oxidizing bacteria and AOA amoA copy numbers
were determined using methods described previously (Lein-
inger et al., 2006). Briefly, primers amoA-1F and amoA-2R in
combination with the Brilliant SYBR GreenTM Q-PCR Core
Reagent Kit (Stratagene, La Jolla, CA) were used in AOB
quantification and primers amo196F and amo277R with the
probe amo247 labelled with 6-FAM (Treusch et al., 2005)
were used in AOA quantification. All assays were run on an
ABI 7500 Sequence detection system (Applied Biosystems,
Foster City, CA). Each reaction contained 2 ml of a
1.25 ng ml-1 dilution and was run in triplicate. Genomic DNA
from Nitrosomonas europaea at a range of 5.0 ¥ 10-1 to
5.0 ¥ 10-7 ng of DNA per reaction was used to generate a
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standard curve for AOB assays. Plasmid DNA from an AOA
environmental clone at a range of 5.0 ¥ 10-1 to 5.0 ¥ 10-5 ng
of DNA per reaction was used to generate AOA standard
curves. Standard curves from each run were analysed to
verify r2 values > 0.95 and efficiency values between 95%
and 105%. Detection limits for AOB and AOA amoA Q-PCR
assays were 3 ¥ 103 copies g-1 of soil and 5 ¥ 104 copies g-1

of soil respectively.

Cloning and sequencing

Clones were generated using a Topo TA cloningTM kit for
sequencing (Invitrogen, Carlsbad, CA) according to manufac-
turer’s instructions. Ammonia-oxidizing bacteria clones were
screened by PCR amplification and T-RFLP profiles. A total of
30 AOA clones and 24 AOB clones were sequenced by the
High Throughput Genomics Unit (Department of Genome
Science, University of Washington, Seattle, WA).

Statistical and phylogenetic analysis

Univariate statistical analyses were performed using SAS 9.1
(SAS Institute, Cary, NC). Nitrification potential was analysed
by two-way analysis of variance (ANOVA) (Ramsey and
Schafer, 2002). Where interactions occurred, data were
analysed separately and contrasts were used to test specific
treatment differences. Linear regression analysis was also
performed to determine if population size or composition
correlated to nitrification activity. P-values � 0.05 were con-
sidered significant.

Quantitative PCR data were analysed using ABI Sequence
detection system software version 1.4 (Applied Biosystems,
Foster City, CA) and T-RFLP profiles were analysed using
GenoTyper version 3.7 (Applied Biosystems, Foster City,
CA). Terminal restriction fragment length polymorphism pro-
files were further analysed according to methods described
previously (Boyle et al., 2006) and compositional differences
were investigated using PC-ORD Multivariate Analysis of
Ecological Data version 5.0 (MjM software, Gleneden Beach,
OR). Non-metric multidimensional scaling (NMS) was used to
evaluate community compositional variation and multire-
sponse permutation procedures (MRPP) were used to deter-
mine differences between site and tree type (McCune and
Grace, 2002).

DNA sequences were aligned using CLUSTALX version 1.81
(Thompson et al., 1997) and alignments were edited using
Bioedit sequence alignment editor version 7.0.5 (Hall, 1999).
All sequences were analysed using Mallard Version 1.02
(Ashelford et al., 2006) to ensure that no chimeras or other
sequencing anomalies occurred. Phylogenetic trees were
constructed using Mr Bayes Version 3.1 (Huelsenbeck and
Ronquist, 2001; Ronquist and Huelsenbeck, 2003) and
confirmed using Phylip Version 3.2 (Felsenstein, 1989). Mr
Bayes was run using an omega variation model (M3), a
codon model that calculates the likely rate of variation at each
site. The model was run for 1 million generations to ensure
convergence at a stable value (Hall, 2001). Terminal restric-
tion cut sites were determined for each sequence using
Bioedit alignment editor and confirmed using Webcutter 2.0
(Heiman, 1997).
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