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Autotrophic ammonia oxidizer (AAO) populations in soils from native, tilled, and successional treatments
at the Kellogg Biological Station Long-Term Ecological Research site in southwestern Michigan were com-
pared to assess effects of disturbance on these bacteria. N fertilization effects on AAO populations were also
evaluated with soils from fertilized microplots within the successional treatments. Population structures were
characterized by PCR amplification of microbial community DNA with group-specific 16S rRNA gene (rDNA)
primers, cloning of PCR products and clone hybridizations with group-specific probes, phylogenetic analysis
of partial 16S rDNA sequences, and denaturing gradient gel electrophoresis (DGGE) analysis. Population sizes
were estimated by using most-probable-number (MPN) media containing varied concentrations of ammonium
sulfate. Tilled soils contained higher numbers than did native soils of culturable AAOs that were less sensitive
to different ammonium concentrations in MPN media. Compared to sequences from native soils, partial 16S
rDNA sequences from tilled soils were less diverse and grouped exclusively within Nitrosospira cluster 3. Native
soils yielded sequences representing three different AAO clusters. Probes for Nitrosospira cluster 3 hybridized
with DGGE blots from tilled and fertilized successional soils but not with blots from native or unfertilized
successional soils. Hybridization results thus suggested a positive association between the Nitrosospira cluster
3 subgroup and soils amended with inorganic N. DGGE patterns for soils sampled from replicated plots of each
treatment were nearly identical for tilled and native soils in both sampling years, indicating spatial and
temporal reproducibility based on treatment.

Nitrification, the microbial oxidation of ammonium to ni-
trate, can lead to significant nitrogen (N) losses from ecosys-
tems by producing potentially mobile forms of N. In most
systems, chemolithotrophic bacteria contribute more to nitri-
fication than do heterotrophic microorganisms (8), which do
not use reduced N compounds as electron donors (36). Al-
though autotrophic nitrification is carried out in two steps by
two distinct groups of bacteria, the ammonia oxidizers and
nitrite oxidizers, the former is responsible for the rate-deter-
mining first step (16). Autotrophic ammonia oxidizers (AAOs)
thus play a key role in determining whether systems retain or
lose N. All known terrestrial AAOs fall within a monophyletic
assemblage of the b subdivision of the class Proteobacteria
(b-proteobacteria) and are represented by the genera Nitro-
somonas and Nitrosospira (6), which comprise at least seven
phylogenetically distinct clusters (27). The close phylogenetic
relationship among b-proteobacterial AAOs (33) contrasts
with the diverse phylogeny of microorganisms known to carry
out other N cycle processes such as ammonification and deni-
trification.

Nitrification rates vary widely in soils and are thought to be
controlled principally by ammonium concentration, tempera-
ture, moisture, and oxygen (18). Little is known about how
AAO population structure affects nitrification or how environ-

mental factors affect AAO population structure. Nitrate con-
centrations, net nitrification, and most-probable-number
(MPN) estimates of AAOs are generally lower in undisturbed
soils than in agricultural soils (24), which has led to hypotheses
that grassland and forest soils suppress AAO populations (17).
Reported estimates of soil AAO numbers based on standard
MPN methods may be misleading, however, because AAO
outgrowth depends on ammonium concentrations in MPN me-
dia (2, 30). Despite low net nitrification, significant gross nitri-
fication has also been measured in some forest (25) and grass-
land (35) soils, indicating that nitrifier populations in these
soils are extant but poorly characterized. Changes in AAO
populations that result from agricultural disturbance, there-
fore, may contribute to the high net nitrification rates observed
in agricultural soils.

N fertilization and tillage constitute two key components of
agricultural disturbance. Studying the effects of N fertilization
and tillage on native AAO populations supports ecological
approaches to reducing agricultural N losses, which can be as
high as 60% of the fertilizer N applied (19). The objective of
our study was to compare AAO populations in soils with dif-
ferent tillage and N fertilization histories at the long-term
ecological research (LTER) site at the Kellogg Biological Sta-
tion (KBS) near Kalamazoo, Mich. (20). The combination of N
fertilization and tillage, which reduces soil carbon through
organic-matter oxidation (15), may make energy substrate
availability more favorable for autotrophic nitrifiers than for
heterotrophs (36). We therefore expected soils from native and
tilled plots to provide different habitats for AAOs and to yield
significant differences in AAO population size and structure.
Soils from adjacent plots undergoing succession following
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long-term tillage were also analyzed to evaluate effects of till-
age cessation on AAO populations.

We compared AAO population structures in LTER soils by
using PCR amplification of microbial community DNA with
primers specific for 16S rRNA genes (rDNA) of b-AAOs and
close relatives (13). Clone libraries of PCR products from each
soil treatment were constructed for partial sequencing and
phylogenetic analysis and were used in hybridization tests with
group-specific probes (27). We also compared AAO popula-
tions on the basis of their denaturing gradient gel electro-
phoresis (DGGE) patterns following PCR amplification with
the primers of Kowalchuk et al. (10). We estimated AAO
population sizes by using MPN media (24) containing various
concentrations of (NH4)2SO4 to address possible differences in
population sensitivity to ammonium (30). Previous 16S rDNA
studies of indigenous soil AAO populations have compared
acidic and neutral agricultural soils (26, 27), seaward and in-
land coastal dune sands (10), wetland soils (11), and agricul-
tural soils with and without amendments of pig slurry (5). This
study represents the first comparison of AAO populations in
native and tilled soils. To discern relationships between soil
disturbance regimens and AAO populations, we interpreted
our molecular and microbiological results in the light of soil
management histories and field data from the KBS LTER Web
site (7a, 20).

MATERIALS AND METHODS

Soils, treatments, and soil properties. Soils were sampled from plots at the
National Science Foundation KBS LTER site near Kalamazoo, Mich. (20). This
site was established to study ecological interactions affecting agricultural pro-
ductivity, nutrient availability, and biotic diversity in ecosystems representative of
the upper midwestern United States. Soils at this site are classified as Typic
Hapludalfs (33a) belonging to the Kalamazoo and Oshtemo soil series (fine,
loamy, mixed, mesic).

Two replicate plots from conventionally tilled (CT) and never-tilled, native
(NTS) treatments were sampled in July 1994 and August 1995. Two historically
successional plots (HTS), as well as their internal N-fertilized (HTS-N) micro-
plots (5 by 5 m), were sampled in August 1995. The CT, NTS, and HTS treat-
ments, which are respectively designated treatments 1, 8, and 7, are more fully
described in the LTER Web pages (7a). Main treatment plots are 100 m2 in area.
Approximate distances between sampled plots within treatments were 900, 500,
and 100 m, for the CT, HTS, and NTS treatments, respectively. CT and HTS
plots were established in 1989 on soil that had been in a small-grain–soybean–
corn rotation for approximately 100 years. Starting in 1989, the HTS plots were
allowed to become revegetated with extant successional flora while the CT plots
were maintained in crop rotations. CT plots supported corn and soybeans in
alternating years from 1989 to 1994, with wheat introduced as a third rotation
crop in 1995. Corn was planted in 1993, soybeans were planted in 1994, and
wheat was planted in 1995. These plots were conventionally tilled (annual mold-
board plowing, disking, and cultivation) and treated with prescribed applications
of herbicides and fertilizers. Ammonium nitrate was broadcast in a single appli-

cation at rates of 124 kg of N ha21 for the corn crop and 84 kg of N ha21 for
wheat. HTS-N microplots were fertilized with 125 kg of N ha21 broadcast in July
of each year. Native plots (NTS) were established on adjacent areas of grass
vegetation that had been maintained by annual mowing following clearing of the
native deciduous forest in 1956.

Soils were sampled to a 10-cm depth with a 2.5-cm corer (14 g of fresh soil per
core). For each plot, samples were composited from 20 soil cores. All samples
were stored at 4°C until they were analyzed in the laboratory. Gravel and other
debris were removed by hand, and soils were mixed inside plastic bags by shaking
and kneading. Soil water contents were determined from replicate subsamples
dried at 110°C for 48 h. All results are based on soil dry weights.

Total C, microbial biomass C, and direct microscopic counts were determined
on composited samples from each replicate main plot in 1994 and 1995 as part
of the KBS LTER data collection program. Carbon analysis was performed on
oven-dried, ground samples in a Carlo Erba NA 1500 series 2 nitrogen-carbon
analyzer (Fisons Instruments, Beverly, Mass.). Microbial biomass C content was
measured by the chloroform-fumigation-incubation method (7). Direct micro-
scopic counts were made by staining soil smears with 5-(4,6-dichlorotriazin-2-
yl)aminofluorescein (Sigma Chemical Co., St. Louis, Mo.) and obtaining random
digitized images of the smears under epifluorescence microscopy (1) with a
charge-coupled device camera (Princeton Instruments, Trenton, N.J.). Images
were transferred to a Power Macintosh 7100/66 and displayed for counting by
using IP Lab Spectrum software (Signal Analytics Corp., Vienna, Va.). Relevant
field level data on soil C, N, and microbial biomass from the KBS LTER Web site
(7a) are compiled in Table 1.

MPN enumeration. MPN counts of AAOs were determined with different
ammonium concentrations by using a microtechnique procedure (21). Soil sam-
ples were dispersed for 1 min in a Waring Blendor with 100 mM sodium phos-
phate buffer (pH 7.0), and coarse particles were allowed to settle for 1 min. Soil
suspensions were then serially diluted in three separate 96-well microtiter plates
containing ATCC Medium 929 (American Type Culture Collection, Manassas,
Va.) with 0.05, 0.5, and 10 g of (NH4)2SO4 liter21. Confidence intervals (P ,
0.05) were determined on the basis of twofold dilutions and eight wells per
dilution (37). Inoculated plates were double sealed with Parafilm, wrapped in
humidified plastic bags, and incubated at 25°C in the dark for 2 months before
testing of aliquots from the wells for nitrate and nitrite. Nitrite was analyzed by
using modified Griess-Ilosvay reagents (24). Nitrate was analyzed with
Szechrome NB reagent (Polysciences, Inc., Warrington, Pa.) prepared in accor-
dance with the manufacturer’s instructions. Fifty microliters of MPN medium
was added to the well of a plate and mixed with 250 ml of the Szechrome reagent.
After 15 min, the color of the test mixture was compared to that of nitrate
standards ranging from 0.1 to 100 g of NO3

2 N liter21. Negative controls
consisted of uninoculated MPN media in microtiter plates held for 8 weeks.

DNA extraction from soils. Microbial community DNA was extracted (38)
from 5-g (fresh weight) samples of soil. DNA was separated from soil humic
substances by subjecting the crude extract to electrophoresis in 0.8% (wt/vol)
low-melting-point agarose (Gibco BRL, Gaithersburg, Md.). The DNA bands
were excised from the gels, and the agarose was dissolved with agarase (Boehr-
inger Mannheim Corp., Indianapolis, Ind.). The DNA mixture was concentrated
and washed twice with distilled water in Centricon-100 ultracentrifugal filters
(Amicon, Inc., Beverly, Mass.). DNA concentrations and purities were deter-
mined at 260, 280, and 230 nm with a Hewlett-Packard 8452A spectrophotom-
eter (Hewlett-Packard Co., Sunnyvale, Calif.).

PCR with 16S rDNA primers. Purified soil DNA was amplified by using the
16S rDNA primers of McCaig et al. (13). The b-AMOf and b-AMOr primers
correspond to positions 141 to 161 and 1301 to 1320 of Escherichia coli rDNA,
respectively (12). PCR was carried out in 50-ml reaction volumes with a Perkin-
Elmer GeneAmp PCR System 9600 (Perkin-Elmer, Foster City, Calif.) by using

TABLE 1. KBS LTER data on soil C, N, and microbial biomass for CT, HTS, and NTS treatmentsa

Treat-
ment Total C (%)b

Microbial-
biomass C
(mg g21)c

Direct microscopic counts
(109 cells g of soil21) Soil

pH

NO3
2 N

(mg g of soil21)d
NH4

1 N
(mg g of soil21)d

Net
nitrification

in field
(mg g21

day21)e

% of
available
NH4

1 N
converted

in fieldfJuly 1994 August 1995 1994 1995 1994 1995

CT 0.81 6 0.17a 186 6 81a 0.9 6 0.04a 1.9 6 0.15b 6.8 4.2 6 2.3a 1.9 6 1.17a 2.7 6 1.1a 2.6 6 1.5a 0.19 6 0.15 68
HTS 1.1 6 0.21a 230 6 118a 1.6 6 0.03b 2.5 6 0.12bc NDg 0.7 6 0.8a 0.6 6 0.42a 4.1 6 1.3a 4.5 6 2.1a 0.12 6 0.15 30
NTS 1.97 6 0.17b 415 6 114b 1.9 6 0.05b 3.0 6 0.13c 5.4 0.7 6 1.0a 0.5 6 0.35a 10.7 6 3.3b 7.7 6 2.1a 0.17 6 0.17 21

a Means and standard deviations from all replicate plots for each treatment are shown. There were six replicate plots for CT and HTS and four replicate plots for
NTS. Values followed by different letters indicate significant differences of at least P , 0.05. These data are from the KBS LTER Web site (7a).

b Measured April and August 1994.
c Measured August 1995.
d Means of monthly data from May through November 1994 and April through November 1995.
e Means of monthly measurements of net nitrification over 21 days from May through October 1994 and May through September 1995.
f Percentage based on the net increase in NO3

2 N after 21 days divided by the sum of the initial NH4
1 N pool plus the amount of inorganic N mineralized during

incubation. Inorganic-N measurements before and after incubation were used to calculate percentages.
g ND, not determined.
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a hot-start procedure to reduce nonspecific amplification. Each reaction mixture
contained 10 ng of template DNA, 4 pmol of each primer, and 1 U of Taq
polymerase (Perkin-Elmer) in final concentrations of 2.5 mM MgCl2 and 0.12
mM deoxyribonucleoside triphosphates in PCR buffer. Positive controls con-
tained 10 ng of Nitrosomonas europaea genomic DNA as a template. Negative
controls contained dilutions of processed agarose gel slices. PCR conditions were
as follows: initial denaturation at 94°C for 2 min; 35 cycles of 94°C for 1 min, 55°C
for 1 min, and 72°C for 1 min; and a final extension at 72°C for 7 min. Four to
five duplicate reaction mixtures were amplified at a time, and the PCR products
were pooled to reduce potential bias.

Cloning, sequencing, and phylogenetic analysis of PCR products. Pooled
mixtures of PCR products were concentrated in a Microcon-100 unit (Amicon,
Inc., Beverly, Mass.) and isolated by agarose gel electrophoresis. Gel slices
containing the PCR products were excised, and DNA was purified by using
QIAEX II reagents (Qiagen, Inc., Chatsworth, Calif.) before washing and con-
centration in Microcon-100 units. PCR products were ligated into the pGEM-T
vector by using T4 ligase (Promega, Corp., Madison, Wis.). Epicurean coli
XL1-Blue supercompetent cells (Stratagene, Inc., La Jolla, Calif.) were prepared
and transformed with the ligation mixtures in accordance with the manufactur-
er’s directions. Plasmid DNA preparations were obtained from clones by using
the Wizard Minipreps kit (Promega Corp.). Since the primers of McCaig et al.
(13) can generate amplification products from b-proteobacteria other than
AAOs, clones were analyzed by T tracking (26). In the T-track screening, cloned
inserts were partially sequenced with the 536r 16S rDNA sequencing primer,
[35S]dATP, and dideoxythymidine terminators to generate single-lane band pat-
terns (T tracks) in sequencing gels for comparison with patterns from AAOs in
the database (27). However, T tracking did not screen out nonspecific inserts
from a cluster of sequences which group basal to the b-subgroup ammonia
oxidizer assemblage (b-deep group of sequences; see Table 4). Similar sequences
have also been retrieved from soils sampled in Scotland (26, 27), sediments (14),
and freshwater samples (26). Such sequences fall outside the b-AAO radiation
(unpublished observations), so they were not included in the phylogenetic anal-
ysis.

Sequencing and phylogenetic analysis were performed on 25 clones from the
1994 samples. Clones from tilled and native soils were designated KZOO_H and
KZOO_D, respectively. Sequences (approximately 320 bases corresponding to E.
coli positions 180 to 500) were obtained manually and aligned with other avail-
able 16S rDNA AAO sequences (27). Distance matrix analysis was performed by
using the Kimura correction (9) and neighbor joining (22) with PHYLIP 3.5 (3).
The ARB sequence management system (29) was used to generate bootstrap
support values from 100 parsimony–maximum-likelihood analyses (32) of the
aligned sequences.

Colony blots and probe hybridizations. For both sampling years, several hun-
dred clones were hybridized with oligonucleotide probes designed to detect 16S
rDNA sequences from specific clades within the b-subgroup ammonia oxidizers
(27). In addition, the probe b-Deep_446 (CTAATGACGGTACTAC) was de-
signed to specifically hybridize to the group of deep-branched b-proteobacte-
rium-like sequences that clustered basal to the ammonia oxidizer radiation.
Cloned DNA from fresh colonies was transferred (23) and cross-linked to Hy-
bond N1 membranes (Amersham Corp., Arlington Heights, Ill.) by using a
Stratalinker (Stratagene, Inc.). Clones containing PCR inserts with known se-
quences were included in the clone libraries during membrane preparation to
serve as positive and negative hybridization controls. Group-specific oligonucle-
otide probes (described in reference 27) were used in colony blot hybridizations.

Probes were end labeled with [g-32P]ATP (Du Pont NEN Biotechnology
Division, Wilmington, Del.) by using T4 polynucleotide kinase (Stratagene, Inc.).
The 32P-labeled probes were added to hybridization solution (23) to obtain
activities of approximately 1 mCi ml21. Membranes containing DNA from clone
libraries were prehybridized in QuikHyb solution (Stratagene, Inc.) for 1 to 2 h
in glass hybridization tubes in a Techne hybridization oven (Techne, Inc., Prince-
ton, N.J.). Membranes were hybridized with 32P-labeled probes and washed
under the conditions described in reference 27 and placed in film cassettes for
exposure to autoradiogram film (Kodak, Inc., Rochester, N.Y.). The probe
b-Deep_446 was hybridized and washed at 42°C.

DGGE. Soil DNA extracts from both sampling years were subjected to PCR-
DGGE analysis. Template concentrations of 20 ng per PCR amplification were
used with the primers CTO178f-GC and CTO637r (10). This primer pair gen-
erates a fragment containing 459 bp of rDNA sequence and a 38-bp GC clamp.
These primers are more specific than those used to generate clone libraries and
do not amplify sequences clustering within the b-Deep group of 16S rDNA from
other known b-proteobacteria (10). The PCR amplifications were carried out
with the Expand High Fidelity PCR System (Boehringer Mannheim, Mannheim,
Germany) in 50-ml volumes. DGGE was carried out by the methods of Kowal-
chuk et al. (10) in 8% polyacrylamide gels (38 to 50% denaturant) with a D-Gene
system (Bio-Rad Laboratories, Hercules, Calif.). DGGE gels were run in 0.53
TAE (23) and stained following electrophoresis with ethidium bromide to visu-
alize DNA bands. Blots were prepared from the gels by electrophoretic transfer
(10) for hybridization with the following 32P-labeled probes: b-AO233, specific
for all b-subgroup AAOs; Nsp436, specific for the genus Nitrosospira; and
NspCL3_454, specific for a Nitrosospira subgroup provisionally named Ni-
trosospira cluster 3 (26).

Nucleotide sequence accession numbers. The GenBank ac-
cession numbers for the cloned sequences used are U56606 to
U56633.

RESULTS
MPN counts. MPN counts from native soils were signifi-

cantly lower (P , 0.05) than MPN counts from tilled, unfer-
tilized successional, and fertilized successional soils at ammo-
nium concentrations of 10 and 2,000 ppm (Table 2). With
ammonium at 100 ppm, MPN counts from native soils were
lower but not significantly different from the MPN counts of
other soils. For all soils, MPNs were lowest in the 2,000-ppm
ammonium medium but this difference was significant only for
the native soils. Hence, culturable AAOs in native soils ap-
peared to be more sensitive to 2,000-ppm ammonium than did
AAOs in the other soils. Six years of revegetation in the suc-
cessional plots did not result in a significant reduction in cul-
turable AAO populations. MPN counts were higher in fertil-
ized than in unfertilized successional soils, but the differences
were not significant (Table 3).

Comparative DNA yields from soils. Mean DNA yields (mi-
crograms per gram of soil) from native soils were significantly
higher (P , 0.05) than DNA yields from tilled soils in 1994,
when tilled plots were in soybeans (Table 3). No significant
differences were observed between DNA yields from tilled,
native, and unfertilized successional soils in 1995, when tilled
plots were in wheat. Respective ranges of spectrophotometric
ratios of absorbance at 260 and 280 nm and 260 and 230 nm
were slightly higher for 1994 samples (1.9 6 0.04 and 2.4 6
0.05) than for 1995 samples (1.6 6 0.09 and 1.4 6 0.12). Both
sets of samples, however, yielded equivalent PCR product
band intensities from 10 ng of template DNA. There was no
evidence that impurities in the DNA extracts inhibited PCR
amplification efficiency.

Probe hybridizations of clone blots. Hybridizations were
carried out with several hundred blotted clones by using the
b-AO235 and b-Deep_446 probes (for all b-AAOs and deep-
branched non-AAOs, respectively). High percentages of non-
specific amplification products (Table 4) were obtained from
all soils with the b-AMOf and b-AMOr primers (13), and
percentages appeared to be higher when soils contained more
microbial biomass. Clone libraries from tilled soils in 1994, for
example, contained fewer nonspecific products than in 1995
(Table 4), when direct microscopic counts (Table 1) and total
DNA yields (Table 3) were significantly higher. In both years,
percentages of clones hybridizing to the all-b-AAO probe were
higher in libraries from tilled soils than in those from native
soils (Table 4). The converse was true with the probe for
deep-branched non-AAOs. In 1995, libraries from fertilized
and unfertilized successional soils contained 5 and 1% clones,
respectively, which hybridized with the all-b-AAO probe. The

TABLE 2. Mean MPN estimatesa

Treatment 10 ppm 100 ppm 2,000 ppm

CT 130 (74–212)a 93 (52–163)a 63 (27–130)a
NTS 13 (7–21)b 46 (20–96)ab 0.19 (0.11–0.31)c
HTS 60 (28–121)a 170 (60–408)a 53 (25–106)a
HTS-N 140 (50–310)a 270 (74–668)a 71 (36–135)a

a Mean numbers (103) of AAOs per gram of dry soil in ATCC Medium 929
containing 0.05, 0.5, and 10 g of (NH4)2SO4 liter21, which corresponds to NH4

1

N at 10, 100, and 2,000 ppm, respectively, are shown. Values in parentheses
represent MPN confidence limits (P 5 0.05) for twofold dilutions and eight
replicates per dilution. Values followed by different letters are significantly dif-
ferent (P , 0.05) between treatments.
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percentage of clones hybridizing with the b-Deep probe was
slightly higher for unfertilized than fertilized successional soils
(Table 4).

Sequence diversity in clone libraries in 1994. Characteristic
AAO motifs in T tracks were exhibited by nearly all (18 of 19)
of the clones in libraries from tilled soils. Only 50% (13 of 26)
of the clones in native-soil libraries showed the AAO motif,
indicating that at least half of the clones contained nonspecific
PCR inserts. Partial sequences of 14 clones from tilled-soil
libraries and 11 from native-soil libraries were aligned with
other AAO and b-proteobacterial sequences in the database,
and a phylogenetic tree was generated. Of the 11 clones from
native-soil libraries, 6 contained sequences showing affinity
with the deep-branching clade. Since there is no reason to
assume that the source organisms have the phenotype of au-
totrophic ammonia oxidation, these sequences were not in-
cluded in Fig. 1. All AAO-like sequences from tilled-soil li-
braries (designated KZOO_H) fell within a single clade
(Nitrosospira cluster 3). The most dissimilar sequences among
these clones differed at 3% of the base positions (of a total 318
bases). The five sequences from native-soil libraries
(KZOO_D) were more diverse, being distributed among Ni-
trosospira cluster 3 (three), Nitrosospira cluster 4 (one), and
Nitrosomonas cluster 6 (one). With 73% bootstrap support in
this analysis for the genus Nitrosospira as a clade distinct from
the genus Nitrosomonas, we concluded that the AAO se-
quences from native soils were more genetically diverse than
those from tilled soils.

DGGE and probe hybridizations. DGGE patterns for soils
sampled from replicate plots within each treatment were re-
markably similar for tilled and native soils in both sampling
years (Fig. 2), indicating spatial and temporal reproducibility
based on treatment. Soils from fertilized microplots within the
successional treatments also yielded similar DGGE patterns.
On the other hand, unfertilized successional soils from each
main plot generated a distinctive DGGE banding pattern.
Bands unique to HTS replicate block 3, identified by arrows in
Fig. 2, suggested a greater potential for heterogeneity in suc-
cessional treatments.

DNA from all lanes in blots of DGGE gels exhibited ap-
proximately equivalent hybridization intensities with the
Nsp436 probe, which was designed to detect all Nitrosospira
sequences (Fig. 3). With NspCL3_454 (for Nitrosospira cluster
3), however, strong hybridization signals were obtained only in
lanes containing DNA from tilled and fertilized successional
soils (Fig. 4). Hybridization patterns in Fig. 3 and 4 indicated
that bands from DNA of native soils and unfertilized succes-
sional soils were derived from Nitrosospira DNA but specifi-
cally not from cluster 3. Because Nitrosospira cluster 1 has only
been found in marine samples, the majority of PCR-DGGE

products from these soils were attributed to Nitrosospira clus-
ter 2 or 4.

Measurements of other soil and microbial properties. Re-
sults of molecular analyses of AAO population differences
were complemented with other data on soil and microbial
properties. Total C, microbial-biomass C, and direct micro-
scopic counts were significantly higher in native than in tilled
soils (Table 1). Native soils were also characterized by lower
pHs, higher ammonium N concentrations, and lower nitrate N
concentrations than tilled soils. Although net nitrification rates
during field incubations of native and tilled soils did not show
significant differences, the percentages of total ammonium N
pools (i.e., initial ammonium N plus ammonium N mineralized
during incubation) that were converted to nitrate N during 21
days of incubation were higher in tilled soils.

DISCUSSION

Treatments at this LTER site enabled a comparison of AAO
populations in adjacent plots of undisturbed, native soils and
agricultural soils that had been tilled and fertilized for 100
years. Tilled soils, which had significantly higher nitrate and
lower ammonium levels (Table 1), also contained significantly
higher numbers of culturable AAOs. Compared to culturable
AAOs from native soils, growth of AAOs from tilled soils was
less affected by ammonium concentration in the MPN media
(Table 2). Tilled soils yielded a higher percentage of 16S
rDNA clones hybridizing with b-AAO-specific probes than did
native soils (Table 3). Whereas all AAO sequences from tilled
soils grouped within Nitrosospira cluster 3, sequences from
native soils fell within three different subgroups (Fig. 1). Thus,
16S rDNA sequencing and phylogenetic analysis indicated
greater genetic diversity among AAO sequences from undis-
turbed soils.

The relatively lower genetic diversity of AAO rDNA se-
quences in tilled soils may have been due to repeated plowing
disturbance, which would reduce niche heterogeneity in the
soil. Furthermore, repeated N fertilizer additions could result
in selection for more ammonium-tolerant and culturable
AAOs. When sampling was extended in 1995 to successional
treatments, we obtained evidence that such population shifts
had occurred in the fertilized microplots. Nitrosospira cluster 3
sequences predominated in DGGE blots from fertilized suc-
cessional soils but were of lower relative abundance in blots
from unfertilized successional soils (Fig. 4). Since DGGE blots
from unfertilized successional and native soils hybridized with
the all-Nitrosospira probe, these soils apparently contained Ni-
trosospira cluster 4 (and/or cluster 2), probes for which had not
been developed at the time of these experiments. These latter

TABLE 3. Mean DNA yields from replicate plots of tilled, native,
and successional soils

Treatment
Mean DNA yield (mg of g soil21)a 6 SD

1994 1995

CT 2.9 6 0.1a 12.8 6 3.8b
HTS NDb 13.6 6 2.9b
NTS 13.0 6 2.8b 15.7 6 3.7b

a Values followed by different letters are significantly different (P , 0.05)
between treatments. DNA concentrations were calculated from the spectropho-
tometric A260. Values include Standard deviations based on triplicate subsamples
from two replicate plots.

b ND, not determined.

TABLE 4. Numbers of probe-positive clones in libraries from soil
community DNA in 1994 and 1995

Yr and
treatment

Total no. of
clones tested

% of clones
hybridizing with
any AAO probe

% of clones
hybridizing with probe

for deep-branched
non-AAO clade

1994
CT 281 75 0
NTS 672 7 14

1995
CT 994 8 0.6
NTS 962 0.5 6.0
HTS 826 1 0.5
HTS-N 882 5 1.4
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AAO subgroups may be less readily cultured than Nitrosospira
cluster 3, which had previously comprised all cultured strains
of the genus Nitrosospira (12) until cluster 2 and 4 isolates were
recovered from soils in Norway and The Netherlands (10, 34).

If less readily cultured AAOs predominate in other grassland,
forest, and climax ecosystem soils, this would explain previous
observations that such soils contain no or very low numbers of
nitrifiers (2, 16).

FIG. 1. Neighbor-joining tree (22) showing relationships of partial 16S rDNA sequences from soil communities with reference AAO sequences and those of other
selected b-proteobacteria. The scale equals 10% estimated substitutions calculated by the Kimura correction (9). Bootstrap values represent percentages from 100
parsimony–maximum-likelihood analyses (29). Cloned sequences from native and tilled soils are designated KZOO_D and KZOO_H, respectively. Abbreviations
representing other AAO sequences are as previously described (27).
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No strong hybridization was observed between DGGE blots
from 1994 native soils and cluster 3 probes (Fig. 4), even
though the 1994 clone libraries from these soils yielded three
sequences representing cluster 3 (Fig. 1). DGGE blots from
native soils, therefore, contained comparatively small amounts
of cluster 3 DNA. Despite the fact that DGGE gel patterns
were very similar for both tilled and native soils (Fig. 2), only
DGGE blots from tilled soils hybridized strongly with probes
for Nitrosospira cluster 3 (Fig. 4). These hybridization results
can be explained by the fact that bands at identical locations in
DGGE gels may contain DNA fragments with different probe
target domains. Migration distances of DNA fragments in
DGGE gels depend on the melting behavior of their least
stable domains. The ca. 500-bp DGGE fragments from tilled
and native soils in our study apparently had the same migra-
tion-determining domains but different probe target domains.
These results are consistent with those of Kowalchuk et al.
(10), who concluded that DGGE band locations are not good
predictors of phylogenetic position and that probe hybridiza-
tion tests are needed to confirm the presence of specific AAO
subgroups.

The higher diversity observed among AAO rDNA sequences
from native soils could reflect the physical heterogeneity than

can develop in undisturbed soils. Analysis of soils from succes-
sional plots, which had been undisturbed since 1989, enabled
us to assess whether AAO populations reverted to those more
characteristic of native soils. We observed an apparent pro-
gression in the effects of nondisturbance on AAO populations
in successional soils. Within 4 years, nitrification activity and
nitrate levels declined but numbers of culturable AAOs were
not significantly lower than those found in tilled soils (Tables 2
and 3). A similar progression was observed by Stienstra et al.
(28), who conducted MPN enumerations and potential-nitrifi-
cation assays of successional soils after 3, 7, 20, and 46 years of
nonfertilization. Significantly lower nitrate levels and potential
nitrification activities were observed after 3 years, and further
significant reductions were observed in these soils after 7 years.
MPN counts of AAOs did not decline until after 20 years.
Stienstra et al. (28) concluded that decreasing availability of
ammonium in successional soils was the key factor decreasing
nitrification activity, and they also suggested that successional
soils selected against AAOs having higher pH optima. In na-
tive soils at the LTER site, lower pH (Table 2) could also have
affected AAO populations.

Similar DGGE banding patterns were obtained from tilled
soils in both 1994 and 1995, even though the tilled plots had
been planted with different crops (soybeans and wheat). In
theory, reproducible DGGE patterns result from the structural
similarity of bacterial communities. The presence of the wheat
crop thus did not appear to change AAO population structure
in tilled soils, even though direct microscopic counts and total
DNA yields in 1995 were significantly higher than in 1994
(Tables 1 and 3). These results suggest that AAO population
structures exhibited some degree of temporal stability. Fur-
thermore, DGGE patterns appeared to be spatially reproduc-
ible, as shown by the similar patterns generated by soils from
both replicate plots of each treatment (except for unfertilized
successional main plots). Felske and Akkermans (4) also ob-
served spatially consistent DGGE patterns from RNA ex-
tracted from soils sampled over an area of several hundred
square meters. Nevertheless, artifactual PCR reproducibility
may still be caused by selective experimental biases of PCR
amplification (31). In our study, we addressed this potential for
bias by performing independent molecular analyses with more
than one PCR primer set (10, 13). Based on our use of two
different molecular approaches in conjunction with MPN data
and LTER field measurements, we conclude that our molec-
ular analysis results reflect actual differences in the AAO pop-
ulations of these soils.
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