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Abstract

Introduction

Arbuscular mycorrhizal fungi (AMF) are potentially
important in nutrient cycling in agricultural soils and
particularly in soils managed for organic production; little
is known, however, about the interrelationships between
AMF and other members of soil microbial communities.
Ammonia oxidizing bacteria (AOB) are a trophic group of
bacteria having an enormous impact on nitrogen availability in soils and are expected to be influenced by the
presence of AMF. In a field study, we utilized a unique
genetic system comprised of a mycorrhiza defective
tomato mutant (named rmc) and its mycorrhiza wildtype progenitor (named 76RMYC+). We examined the
effect of AMF by comparing AOB community composition and populations in soil containing roots of the two
tomato genotypes in an organically managed soil. Responses of AOB to soil N and P amendments were also
studied in the same experiment. Phylogenetic analysis of
cloned AOB sequences, derived from excised denaturing
gradient gel electrophoresis (DGGE) bands, revealed that
the organic farm soil supported a diverse yet stable AOB
community, which was neither influenced by mycorrhizal
colonization of roots nor by N and P addition to the soil.
Real-time TaqMan polymerase chain reaction (PCR) was
used to quantify AOB population sizes and showed no
difference between any of the treatments. An alternative
real-time PCR protocol for quantification of AOB utilizing SYBR green yielded similar results as the TaqMan realtime PCR method, although with slightly lower resolution. This alternative method is advantageous in not
requiring the detailed background information about
AOB community composition required for adaptation of
the TaqMan system for a new soil.

Hyphae of arbuscular mycorrhizal fungi (AMF) colonize
roots, increasing the absorptive surface area of the plant
root system [49] and enhancing plant N capture from
both organic and inorganic sources [15, 18, 21, 28]. AMF
can also impact the wider soil community, including bacteria involved in N transformations [1], rhizosphere bacteria [34, 42], nematodes [6], collembolans [16], manganese
oxidizers [2, 31], and plant pathogenic fungi [44].
Interactions between the ammonia oxidizing bacteria
(AOB) and AMF are expected to be important given that
both groups play important roles in soil N cycling [18].
AOB control the rate limiting step of nitrification,
 the
conversion of ammonia NHþ
to nitrite NO
[45].
2
4
The root zones of plants are altered by AMF, and in
turn, may support different communities and population sizes of AOB compared to non-mycorrhizal plants.
For example, AMF can decrease pH of the rhizosphere
[33, 49], increase rates of N mineralization [25], and/or
increase available C. Some studies have begun to address
linkages between AOB and AMF; however, clear patterns
are not yet evident. Amora-Lazcano et al. [1] report AOB
population densities (based on most probable number
(MPN)) are greater in soil containing mycorrhizal than
non-mycorrhizal roots. Conversely, Klopatek and Klopatek [30] report lower and higher densities of AOB
(MPN) and AMF (spore counts), respectively, under tree
canopies than interspaces. Linkages between nitrification and AMF are also unclear [18]. This also needs
to be considered in the context of recent research that
suggests that the Crenarchaeote may play a role in nitrification [51], including arable soils [33].
A major challenge in studying the ecology of AMF in
the field is the establishment of appropriate controls. A
mycorrhiza defective tomato mutant, named rmc, and its
mycorrhizal wild-type progenitor, named 76RMYC+,
have been used to study the impacts of AMF on plant
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growth and nutrition [17], plant competition [11], and
the wider soil community [10]. This approach avoids the
unknown side effects of establishing non-mycorrhizal
controls (e.g., by nonspecific fumigation) or growth of
constitutively mycorrhizal and non-mycorrhizal plant
species in a single experiment. The functional gene, amoA,
a key gene in ammonia oxidation, has been used to study
the population dynamics of AOB in agricultural soils
[40]. Combined with denaturing gradient gel electrophoresis (DGGE) that targets the same gene [47], these
methods provide ways to examine community composition and population size of AOB, instead of 16S rRNA
approaches. In addition, signature regions of 16S rRNA
and amoA genes have been successfully applied in phylogenetic analyses of AOB with a comparable resolution
[46, 47].
At an organic farm, where AMF are known to increase plant N uptake [10], interactions between AMF
and AOB were investigated in a field experiment using
the mycorrhiza defective tomato mutant (rmc) and its
mycorrhizal wild-type progenitor (76RMYC+), with and
without nutrient addition, in conjunction with the realtime TaqMan polymerase chain reaction (PCR) assay for
amoA quantification [40] and DGGE, cloning, and phylogenetic analysis for amoA community composition. An
organic farm was the context for this study because lack
of fungicide and P fertilizers increase mycorrhizal colonization, and nitrification rates are higher compared to
conventional vegetable production [8, 36]. The specific
aims of this study were: (1) to compare the community
composition and abundance of AOB in an organically
managed agricultural soil containing tomato roots colonized by AMF or with greatly reduced colonization and
(2) to assess the impact of N and P addition to soil at the
beginning of the growing season on the community composition and abundance of AOB at the time of tomato
harvest. In addition, a real-time PCR protocol for quantification of AOB utilizing SYBR green was developed, and
the results were compared to those using the TaqMan
real-time PCR method.
Methods

Strains of Nitrosospira multiformis
and Nitrosospira tenuis were obtained from Jeanette
Norton, Utah State University, and cultured in American
type culture collection (ATCC) liquid medium 929. All
strains were cultured at 28-C in the dark with periodic pH
adjustment.

Bacterial Cultures.

DNA Extraction from Soil.
Before DNA extraction
from soils, humic acid, a PCR inhibitor, was removed
from soil as follows: 2 g of soil was incubated in 4 ml
of 0.1% Na4P2O7 in 10 mM Tris–HCl buffer (pH 8.0)–
1 mM ethylenediaminetetraacetic acid (EDTA), at room
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temperature for 10 min and then centrifuged at 6000g
for 10 min at room temperature. The supernatant was
discarded and DNA extracted from 0.5 g of the remaining
soil using a Bio 101 FastDNA SPIN kit for soil as described
by the manufacturer (Bio 101, Inc., CA, USA). The
quantity, relative to a DNA size marker and quality of
the extracted DNA, were analyzed by electrophoresis on a
1.5% agarose gel and by spectroscopic analysis. DNA
concentrations are expressed on a dry soil basis.
DGGE with AmoA Primers.
For DGGE analysis, a
GC clamp was attached to primer AmoA-1F (50 -GGGGT
TTCTACTGGTGGT-30 ) [47]. Two different reverse primers
amoA-2R-TG (50 -CCCCTCTGGAAAGCCTTCTTC-30 ), a
perfect match for the N. tenuis amoA sequence, and
amoA-2R-GC (50 -CCCCTCGGCAAAGCCTTCTTC-30 ) a
perfect match for the N. multiformis amoA sequence, were
used as described previously [40] (see [3]). PCRs were
performed in a PE thermocycler with a 1:20 dilution of
the DNA extracts (giving 2.5 ng/ml) as a template in a total
volume of 25 ml with Ex Taq DNA polymerase (Takara
Bio Inc, Shiga, Japan) in the supplied buffer. PCR using
the AmoA-1F/amoA-2R-TG primer pair was performed
using the thermocycler conditions as described previously [40]. PCR using the AmoA-1F/amoA-2R-GC primer
pair was performed using the following thermocycler conditions: after initial denaturation for 3 min at 95-C,
amplification proceeded for 35 cycles consisting of 1 min
at 95-C, 1 min at 56-C, and 45 s at 72-C, followed by a
final 5-min extension at 72-C. Genomic DNA extracted
from pure cultures of N. multiformis or N. tenuis using
the Ultra Clean Microbial DNA Isolation Kit (MoBio,
CA, USA), were included as positive controls in the PCR
reactions using the amoA-2R-GC and amoA-2R-TG
reverse primers, respectively. PCR products were
subjected to DGGE as described previously [39, 40]
and visualized by UV transillumination after staining with
SYBR green. Excised DGGE bands were cloned using a
Topo TA kit (Invitrogen, CA) as described previously
[27]. Selected clones (three to five per excised DGGE
band) were sequenced with an ABI Prism automatic
sequencer (Applied Biosystems) at Davis Sequencing Inc.,
Davis, CA (URL: http://www.davissequencing.com/).
Cloned sequences were compared to sequences in the
GenBank database using BLAST. Phylogenetic inferences
(including bootstrap values) were made using the cloned
sequences, their closest database matches and amoA
sequences of known AOB and the Crenarchaeote, using
the program ClustalW (V.1.8; [50] http://www.ddbj.nig.
ac.jp/search/clustalw-e.html]) and a neighbor joining
tree constructed using the program NJPlot ([43] http://
pbil.univ-lyon1.fr/software/njplot.html]). Sequence
data obtained in this study were deposited in the GenBank database under accession numbers DQ103321–
DQ103331.
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AOB Population Size Determination: Real-Time
Population sizes of AOB
Quantitative TaqMan PCR.

were determined using the real-time quantitative PCR
(TaqMan) method. Extracted DNA was diluted to ca.
1 ng/ml, and 5 ml of this dilution was used in the
real-time PCR. Real-time PCR was performed in a
25-ml reaction mixture that consisted of ca. 5 ng of
template DNA (5 ml of soil DNA diluted to ca. 1 ng/ml),
12.5 ml of TaqMan Universal Master (Applied Biosystems,
NJ, USA), H2O, and primers and probe. The A189
forward primer [26], the amoA-2R0 reverse primer
(modification of primer AmoA-2R designed by
Rotthauwe et al. [47], see Okano et al. [40]), and the
A337 probe [40], were used at concentrations of 300,
900, and 100 nM, respectively. The PCR protocol for
amoA quantification was as described previously [40].
The fluorescence signal was used to calculate C T
(threshold cycle) values, using the thermocyclers
internal software (7300 System SDS software, V1.2.2,
Applied Biosystems, CA, USA). Copy numbers of the
amoA gene in environmental samples were determined
using an external standard curve prepared by cloning the
gene in a plasmid [40]. The equation describing the
relationship is CT ¼ 3:96  Log10 ðamoAÞ þ 44:7, and
R2 = 0.99. The final DNA concentration in each reaction
was taken into account in all calculations of the amoA
copy numbers after spectrophotometric quantification
of DNA concentration.
AOB Population Size Determination: SYBR Green
Population sizes of AOB
Real-Time Quantitative PCR.

were also determined using a SYBR green real-time
quantitative PCR chemistry. Extracted DNA was diluted
to ca. 1 ng/ml, and 1 ml of this dilution was used in the
real-time PCR. Real-time PCR was performed in a
10-ml reaction mixture that consisted of ca. 1 ng of
template DNA, 5 ml of SYBR\ Premix Ex Taq TM (2),
0.3 ml of the A189 forward primer (10 mM), 0.9 ul of the
amoA-2R0 reverse primer (10 mM), 0.2 ml of ROXi
Reference Dye (50), and 2.6 ml H2O (SYBR green
reagents were supplied by Takara Bio Inc, Shiga, Japan).
The PCR protocol for amoA quantification was as
follows: 15 s at 95-C, and then 40 cycles consisting of
15 s at 95-C, 30 s at 55-C, and 31 s at 72-C, followed by a
dissociation stage of 15 s at 95-C, 30 s at 60-C, and 15 s
at 95-C, using the 7300 Real-time PCR system (Applied
Biosystems, CA, USA). The fluorescence signal was used
to calculate CT (threshold cycle) values, using the
thermocyclers internal software (7300 System SDS
software, V1.2.2, Applied Biosystems, CA, USA). Copy
numbers of the amoA gene in three randomly selected
environmental samples were determined using an
external standard curve prepared by cloning the gene in
a plasmid (as above) and by comparing with the results
obtained by the TaqMan assay.
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Field Experiment Design.
Samples were collected
as part of a larger study of the impact of mycorrhizal
colonization of roots and nutrient addition on the soil
ecology and productivity of fresh market organic tomato
production in Yolo County California, USA. Detailed
discussion of experimental design, field site description,
and results of the larger study, including field site and
management, plant growth and nutrition, soil aggregation, soil nematode communities, total microbial communities with phospholipid fatty acid (PLFA) analysis,
and mycorrhizal colonization are reported elsewhere [10].
The field site was a tomato field on an organically
managed farm, Jim & Deborah Durst Farming, in Esparto,
Yolo County, California. A tomato/cover crop/alfalfa
rotation is employed, and the farm has been organically
managed since 1988. No composts or manures are added.
The soil was a Zamora loam, a fine-silty, mixed thermic,
Mollic Haploxeralfs. A bed (1 m wide) and furrow system
is employed on this farm, and the plants are subsurface drip-irrigated. The experiment was established at the
same time as the field was planted to commercial tomato
production.
The mycorrhiza defective tomato (Solanum
lycopersicum L.) mutant, rmc, and its mycorrhizal wildtype progenitor, 76RMYC+, were planted in the field on
May 20th, 2003. One week after planting, in-growth cores
containing 505 g of soil (collected from the top 15 cm in
the area immediately surrounding the experimental plots)
were installed between the experimental plants at a depth
of 20–22.5 cm. The ends of the in-growth cores were
covered with mesh with 1  2 mm openings, which
allowed growth of roots into the in-growth cores. The
soil added to the in-growth cores was amended with P and
N as follows: low P referred to as P0 (no added
P) or High
_
P referred to as P50 [50 mg P g dry soil 1, applied as
Ca(H2PO4)2], and Low N referred to as N0 (no added
_
N), or High N referred to as N100 [100 mg N g dry soil 1,
applied as (NH4)2SO4)]. The N and P treatments were
applied in combination; thus, the final nutrient treatments were: P0/N0, P0/N100, P50/N0, and P50/N100.
A total of 32 soil samples were analyzed across eight
treatments: genotype (two levels: 76RMYC+ or rmc) and
nutrient addition (four levels: P0N0, P50N0, P0N100,
and P50N100). Two (of four) experimental blocks (I and
II) were included in the present work, with each treatment
appearing twice in each block.
The experiment was destructively harvested on the
30th July 2003. Soil was removed from the in-growth
cores, mixed by hand for 30 s, after which uniform subsamples were taken and soil analyses performed. Samples
for DNA extraction were taken first; aggregates (5–10 mm
in diameter) were collected and transferred to tubes for
storage at _80-C. Triplicate soil samples (30 g moist soil)
were taken, extracted with 2 M KCl, and inorganic N
content determined colorimetrically using a modification
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of Miranda et al. [37] for NO
3 (plus NO2 ) and Forster
þ
[14] for NH4 . Gravimetric moisture contents were
determined after drying approximately 50 g moist
soil at 105-C for 48 h. Roots were extracted from soil
by wet sieving. These roots were then cleared with 10%
KOH (W/V), stained with Trypan blue and colonization
of roots by AM fungi determined at 20 magnification
[10].

For each field replicate, NHþ
4 and

NO3 concentrations were measured in triplicate, as were
DNA samples used in TaqMan real-time PCR quantification of amoA gene copy numbers. Data were analyzed using generalized linear models (GLM). Before
analysis, amoA copy numbers were converted to copies
_
g dry soil 1. The TaqMan and SYBR green standard curves
were compared by testing for inequalities of slopes in
GLM. The amoA copy numbers quantified using the
Data Analysis.
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TaqMan and SYBR green methods were compared using
one-way analysis of variance (ANOVA). All analysis was
performed using SAS statistical software (version 8.02,
SAS Institute, Cary, North Carolina).

Results
Impact of AMF and Nutrients on AOB Community
AOB community
Composition and Abundance.

composition did not change, based on DGGE banding
patterns and number of cloned sequences, in response to
neither mycorrhizal colonization of roots nor to N and/or P
addition to the soil (Fig. 1). DGGE analysis of amplified
PCR products, using the amoA 1F/amoA 2R-GC and amoA
1F/amoA 2R-TG primer sets targeting N. multiformis and
N. tenuis sequence types, identified six and five distinct
bands, respectively. These bands were successfully cloned,

Figure 1. Detection of amoA bands in
DNA amplified (block I) with a AmoA1F/amoA-2R-GC primers, and
b AmoA-1F/amoA-2R-TG primers.
Lanes are as follows: a P0/N0
76RMYC+ sample 1, b P0/N0
76RMYC+ sample 2, c P50/N0
76RMYC+ sample 1, d P50/N0
76RMYC+ sample 2, e P0/N0 rmc
sample 1, f P0/N0 rmc sample 2, g P50/
N100 rmc sample 1, h P50/N100 rmc
sample 2, i P50/N0 rmc sample 1, j P50/
N0 rmc sample 2, k P50/N100
76RMYC+ sample 1, l P50/N100
76RMYC+ sample 2, m P0/N100 rmc
sample 1, n P0/N100 rmc sample 2,
o P0/N100 76RMYC+ sample 1, p P0/
N100 76RMYC+ sample 2, q N. tenuis
pure culture DNA positive control.
Arrows and labels indicate bands that
were sequenced.
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0.2
DQ501176 (Uncultured strain)

Crenarchaeote

DQ103325
AY667593 (Uncultured strain)

**

DQ103328

* AY667590 (Uncultured strain)
**
AY667594 (Uncultured strain)
AY667589 (Uncultured strain)
DQ103330
*

DQ103324
DQ103327

*
*
*
*

AF042170 (Uncultured strain)
U76552 (N. tenuis)

Nitrosospira/

* DQ103321

Nitrosovibrio

DQ103326

*

AY944217 (Uncultured strain)
**
DQ103322
* DQ103331
* X90822 (N. multiformis)
* U15733 (N. multiformis)
*U91603 (N. multiformis)
AF042171 (N. multiformis)
DQ103323

DQ103329
GI30407130 N. europaea

Nitrosomonas

AF272420 (N. aestuarii)
AF272423 (N. cryotolerans)

1.2E+07
1.0E+07
8.0E+06
6.0E+06
4.0E+06

rmc
P50/N100

rmc
P50/N0

rmc
P0/N100

0.0E+00

M YC
P0/N100

2.0E+06
M YC
P0/N0

sequenced, and revealed 11 new and distinct amoA
sequences belonging to the Nitrosospira/Nitrosovibrio
subgroup (Fig. 2). These environmental clones of AOB
were closely related to N. multiformis and N. tenuis, but
not to Nitrosomonas spp. The N. tenuis positive control
included in the DGGE analysis (amplified using the
amoA-1F and and-2R-TG primer set) yielded a single
distinct band (Fig. 1b) that was later cloned, sequenced,
and its identity confirmed (Fig. 2).
The amoA copy numbers/g dry soil did not differ
(P 9 0.05) neither in the presence or absence of mycorrhizal tomato roots nor as a function of N level or P level
alone or in combination (Fig. 3). The mean amoA copy
numbers across all samples was 6.7  106 (T3.7  105)/g
dry soil, which is equivalent to a mean of 2.7  106
(T1.5  105) AOB cells/g dry soil (assuming an average
amoA copy number of 2.5/AOB cell [40]). There was,
however, a significant block effect, indicating spatial
differences in amoA copy numbers (block I = 5.7  106 T
3.9  105, block II = 7.7  106 T 5.1  105).

amoA copies/g dry soil

*

rmc
P0/N0

*

*

AF272417 (N. communis)

M YC
P50/N100

*

M YC
P50/N0

*

Figure 2. Phylogenetic positions of
cloned amoA gene sequences. This tree
was constructed using the neighborjoining method. Bootstrap values
greater than 75 are indicated [asterisks
(*)] at the nodes. Latin binomials are
sequences from bacterial isolates
obtained from the GenBank database,
cloned environmental gene sequences
also obtained from the GenBank database are indicated (uncultured strain).
Sequences generated in the present
study are labeled DQ103321–
DQ103331.

Figure 3. amoA copy number/g dry soil in response to
mycorrhizal colonization of roots and N and P addition. N.B.
No significant differences were detected (P 9 0.05), MYC mycorrhizal 76RMYC+ plants, rmc mycorrhiza defective tomato mutant.
Nutrient addition treatments to the in-growth cores (P level/N
_
_
level) were: P0 = 0 mg P g dry soil 1, P50 = 50 mg P g dry soil 1, and
_1
_1
N0 = 0 mg N g dry soil , N100 = 100 mg N g dry soil . Values are
mean (TSE). n = 4.
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The
percentage (arcsine transformed) of the root length
was significantly higher in the 76RMYC+ (0.24 T 0.02)
than rmc plants (0.04 T 0.01). Concentrations of NHþ
4

and NO
3 (plus NO2 ) were in the range of 0.5–1.3 and
2–6 mg N g, respectively (Fig. 4). At harvest, NO
3 concentrations were significantly higher in soils containing
non-mycorrhizal roots (pooled over N and P addition
treatments), whereas the reverse was true of NHþ
4
(pooled over N and P addition treatments), but the
differences were only G4 mg/g for NO
3 and G1 mg/g for
NHþ
.
Addition
of
nutrients
at
the
beginning of the
4
growing season was not reflected in differences in NHþ
4
and NO
3 concentrations at the time of harvest.
SYBR Green System for Detection of AOB.
The
SYBR green system was able to detect the amoA gene in
the samples analyzed with similar precision to the
TaqMan assay. A standard curve relating the CT value
and AOB was generated with a 10-fold dilution series of
a plasmid containing the amoA gene. There was a strong
linear (R2 = 0.99) inverse relationship between CT and the
log10 number of amoA copies over 7 orders of magnitude
(Fig. 5). The equation describing the relationship is
CT ¼ 3:62  Log10 ðamoAÞ þ 35:3. When compared

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

2

R = 0.9937

0

2
4
6
8
10
Log (amoA copy number/reaction)

Figure 5. Standard curve for amoA SYBR green real-time PCR.

directly to the standard curve used in the TaqMan
real-time PCR system, the two standard curves have
significantly different slopes (P G 0.0001). The SYBR
green and TaqMan methods estimated 8.6  106 (T3.4 
106) and 4.6  106 (T 6.5  105) amoA copies/g soil, respectively, for the same set of samples (n = 3); the difference in estimated copy numbers was not significant
(P = 0.3).
Discussion

rmc
P50/N0

rmc
P50/N100

rmc
P50/N0

rmc
P50/N100

rmc
P0/N100

rmc
P0/N0

MYC
P50/N100

MYC
P50/N0

MYC
P0/N100

b

b

8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

rmc
P0/N100

rmc
P0/N0

MYC
P50/N100

MYC
P50/N0

MYC
P0/N100

a

MYC
P0/N0

-

µg of N-NO 3 /g dry soil

(b)

y = -3.6192x + 35.319

35
30
25
20
15
10
5
0

a

MYC
P0/N0

+
µg of N-NH 4 /g dry soil

(a)
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Figure 4. Concentrations of (a) N  NHþ
4 and (b) N  NO3 , at
harvest. MYC Mycorrhizal 76RMYC+ plants, rmc mycorrhiza defective
tomato mutant. Significant differences between genotypes (pooled
over N and P addition treatments) were found, and are indicated
in the figure. Nutrient addition treatments
to the in-growth cores
_
(P level/N
level) were: P0 = 0 mg P_ g dry soil 1, P50 = 50 mg P g _dry
_1
soil , and N0 = 0 mg N g dry soil 1, N100 = 100 mg N g dry soil 1.
Values are mean (TSE). n = 4.

AOB community composition was similar in the presence and absence of mycorrhizal roots and at all levels of
N and/or P addition. Although the response of AOB to
the presence of AMF at the community level has not
been studied previously, AOB community composition is
known to shift in response to changes in grazing intensity
and topography [41], soil liming [4, 5], and along an
atmospheric N deposition gradient [29]. The lack of
difference in AOB communities among treatments may,
in part, be a reflection of the short time course studied, a
single growing season. However, differences in total
bacterial diversity in the rhizosphere of mycorrhizal and
non-mycorrhizal plant species have been shown to be
evident over an even shorter period of time [34]. The
apparent lack of a mycorrhizal effect on AOB community
composition is consistent with our observation that the
wider soil community (including microbial biomass
carbon, PLFA profiles, and nematode communities) of
this long-term organic farm, also did not differ in
response to the same experimental treatments [10].
AMF make up a very small fraction of the biodiversity
present in this active and frequently disturbed organic
farm soil [10]. Thus, AMF may have only small or
transient effects on the wider communities of this soil,
explaining the lack of observed differences.
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AOB population sizes at harvest were similar in soils
containing roots, irrespective of their colonization by
AMF. A previous study showed that large differences in
initial concentrations of soil NHþ
4 are needed for
changes in AOB population size to be resolved [40].
Amora-Lazcano et al. [1] reported an order of magnitude higher AOB population densities in soil containing roots colonized by AMF; however, soil NHþ
4
concentrations at harvest were not reported. The

concentrations of NHþ
4 and NO3 in soil containing
76RMYC+ roots were marginally higher and lower,
respectively, than those containing rmc roots, but these
differences were only on the order of 0.5–4 mg N g soil.
The significance of these small differences is uncertain
given the rapid mineralization and turnover of NHþ
4 in
organically managed soils in California tomato production and the fact that NO
3 concentrations often exceed
20 mg N g soil [8, 9]. While colonization of roots by AMF
did not have a significant impact on AOB population
sizes in this study, this does not preclude such effects
under other circumstances such as if NHþ
4 concentrations are higher or if AMF alter N mineralization [25].
The AOB identified in this soil were all closely
related to N. multiformis and N. tenuis, consistent with
previous findings that soils are dominated by strains
belonging to the genera Nitrosospira, rather than Nitrosomonas as previously thought [20, 24, 35]. None of the
amoA sequences amplified from this soil were closely
related to those from the Crenarcheote, as was expected
with the primer sets used here (see below also). Eleven
unique sequences of the amoA gene were identified,
representing greater AOB sequence diversity than the
three stains found, using a similar DGGE (AmoA-1F/
AmoA-2R-TG primer set, targeting sequences with no
mismatch to the amplified portion of the N. tenuis amoA
gene) and sequencing approach in a nearby organically
managed field on a similar soil type [40]. This degree of
variation in AOB community composition is, however,
within the range found using DGGE analysis of AOB 16S
rRNA gene in grassland soils at high and low grazing
intensities and topographic positions [41]. Conversely, it
is considerably less than what has been found using
phylogenetic analysis of AOB 16S rRNA PCR products
amplified and cloned from soil DNA extracts, along a
transect of Southern Californian mountain ridge tops
receiving differing levels of atmospheric N deposition
[29].
Population densities of AOB in our study soil were
in the same range as densities reported in similar soil
types using the same methods [40] and in Swedish arable
soils using a TaqMan PCR method targeting 16S rRNA
gene [22]. However, AOB population sizes reported here
are higher than in a transect along Californian mountain
ridge tops [29] using the methods of Hermansson and
Lindgren [22], and in previous studies using MPN [19,
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38, 48] or fluorescence in situ hybridization (FISH) [7,
12, 13, 23]. While the population sizes reported here are
similar to studies using similar methods, they are still
higher than those using other methods, highlighting the
need for caution when making comparisons between
studies.
We expanded and improved the quantitative PCR
method previously developed by our research group to
enumerate AOB based on the amoA gene [40]. The new
SYBR green method developed in this study estimated
similar copy numbers, although with slightly lower
resolution as evidenced by higher standard errors, as
the TaqMan method. The SYBR green method could be
advantageous when it is not feasible to perform the
sequencing and phylogenetic analysis of AOB community composition needed to ensure that the TaqMan probe
can detect all AOB present. Thus, SYBR green would be
useful in exploring new soil types and/or environments,
when comparing a variety of soils, or when studying soils
that have novel amoA sequences. The SYBR green assay
also has the advantage of relying on the specificity of the
PCR primers only, not on the TaqMan probe, and it may
be further optimized based on the growing database of
amoA sequences, including recent discovery of ammonium monooxygenase in the Crenarchaeote [32, 51], which
may play an important role in nitrification in arable soils
[32].
The main aim of the work presented here was to
compare the community composition and abundance of
AOB in an organically managed agricultural soil containing tomato roots colonized by AMF or with greatly
reduced colonization. No such interactions were observed in this study. Similar studies in a wide range of
soils and ecosystems are required before more general
conclusions about interactions between AM and AOB
can be drawn. Finer scale sampling of the rhizosphere/
mycorrhizosphere may also be necessary to identify any
such interactions. The effects of N and P addition to the
soil at the beginning of the growing season on AOB
community composition and population sizes were also
assessed. Again, no significant impacts were found on the
AOB. Future research may need to include studies over
shorter time courses and/or assess N turnover rates and
changes in mineral N pool sizes in this context.
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