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The effect of standard agricultural management on the genetic heterogeneity of nitrous oxide reductase
(nosZ) fragments from denitrifying prokaryotes in native and cultivated soil was explored. Thirty-six soil cores
were composited from each of the two soil management conditions. nosZ gene fragments were amplified from
triplicate samples, and PCR products were cloned and screened by restriction fragment length polymorphism
(RFLP). The total nosZ RFLP profiles increased in similarity with soil sample size until triplicate 3-g samples
produced visually identical RFLP profiles for each treatment. Large differences in total nosZ profiles were
observed between the native and cultivated soils. The fragments representing major groups of clones encoun-
tered at least twice and four randomly selected clones with unique RFLP patterns were sequenced to verify nosZ
identity. The sequence diversity of nosZ clones from the cultivated field was higher, and only eight patterns were
found in clone libraries from both soils among the 182 distinct nosZ RFLP patterns identified from the two
soils. A group of clones that comprised 32% of all clones dominated the gene library of native soil, whereas
many minor groups were observed in the gene library of cultivated soil. The 95% confidence intervals of the
Chao1 nonparametric richness estimator for nosZ RFLP data did not overlap, indicating that the levels of
species richness are significantly different in the two soils, the cultivated soil having higher diversity. Phylo-
genetic analysis of deduced amino acid sequences grouped the majority of nosZ clones into an interleaved
Michigan soil cluster whose cultured members are �-Proteobacteria. Only four nosZ sequences from cultivated
soil and one from the native soil were related to sequences found in �-Proteobacteria. Sequences from the native
field formed a distinct, closely related cluster (Dmean � 0.16) containing 91.6% of the native clones. Clones from
the cultivated field were more distantly related to each other (Dmean � 0.26), and 65% were found outside of
the cluster from the native soil, further indicating a difference in the two communities. Overall, there appears
to be a relationship between use and richness, diversity, and the phylogenetic position of nosZ sequences,
indicating that agricultural use of soil caused a shift to a more diverse denitrifying community.

After the last ice age, the nitrous oxide concentration in-
creased in the atmosphere and remained constant (approxi-
mately 275 ppb) for about 10,000 years until the 19th century.
Since then, the N2O concentration has increased significantly
to approximately 315 ppb, and this has been predominately
attributed to anthropogenic contributions. Due to its long es-
timated half-life (approximately 120 years), and a global warm-
ing potential about 310 times that of carbon dioxide, even a
small N2O accumulation may cause destructive effects for cen-
turies (4, 46).

Denitrification and nitrification are thought to be major
sources of atmospheric nitrous oxide (20, 25, 37, 50). The
capacity for denitrification is found among a wide variety of
taxonomic groups within the Bacteria and Archaea (53). The
reduction of nitrous oxide to molecular nitrogen, catalyzed by
nitrous oxide reductase, is the last step in the complete deni-
trification pathway and represents a respiratory process in its
own right, because many denitrifiers can grow at the expense of
N2O as the sole electron acceptor (28). The plasmid-encoded

nature of N2O reduction, at least in some strains, distinguishes
this respiratory process from other steps in denitrification (43,
54).

Numerous environmental factors can vary the proportions of
N2O and N2 produced, including soil moisture (3); pH (45);
aeration (20, 37); carbon, nitrate, and nitrite availability (34,
45); pore structure (27); and freezing-thawing (25, 36) and
drying-wetting (3, 37) events. N2O emissions from soils greatly
increase with increasing N inputs by fertilization of agricultural
soils (10). In most natural habitats, there is usually not enough
nitrate to select the large populations of denitrifying organ-
isms. Rather, these denitrifiers are thought to be effective aer-
obic competitors for carbon and may seldom use their denitri-
fication capacity (45). Lack of carbon as an electron donor
almost never prevents denitrification, although it is often not
present in amounts that saturate the denitrification capacity.
Under starvation conditions, N2O was found to be the main
product of denitrification in a pure culture of Alcaligenes fae-
calis, indicating that an unbalanced supply of electron donor
and acceptor may have profound effects on the N2O/N2 ratio
(41, 45). Organic matter in soil also serves as a source of nitrate
and drives oxygen removal by respiration, creating anaerobic
microsites (45). Additionally, differences in oxygen threshold,
carbon requirement, and kinetic parameters of various deni-
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trifiers may influence competition with aerobic heterotrophs
and thus also influence emission rates of nitrous oxide (7, 18).

Since only a minor portion of microbial diversity present in
the environment is culturable by current techniques, analysis of
the properties of a number of denitrifying soil isolates (8)
probably provides a conservative estimate of the physiological
diversity present in the environment (35). The majority of
molecular studies investigating microbial diversity in natural
communities have focused on sequence diversity, using primers
that amplify 16S rRNA genes from bacterial and archaeal
domains. The high phylogenetic diversity of denitrifiers makes
the use of 16S ribosomal DNA (rDNA)-based approaches in-
appropriate for ecological study of this group. Hence, genes
involved in the denitrification process, such as those coding for
nitrite reductase (nirS and nirK) (2, 5, 31) or nitrous oxide
reductase (nosZ), are used (35, 40).

In this study, we used PCR methods with subsequent cloning
and sequencing to characterize the heterogeneity of nosZ gene
fragments in soil samples taken from geomorphically similar
plots but under different management: one cultivated with
intensive agricultural practices and the other taken from nat-
ural plant succession that had never been cultivated. The N2O
emissions from the cultivated soils are consistently more than
double that from native soil (3, 8, 34).

MATERIALS AND METHODS

Soil sampling. Soil samples were obtained in the beginning of October 2001
from the Michigan State University W. K. Kellogg Biological Station Long-Term
Ecological Research site located at Hickory Corners, Mich. (http://lter.kbs.msu
.edu). Soil samples were obtained from a conventionally tilled agricultural field
and from a successional field that was never tilled. The cultivated field had been
farmed for more than a century under various crop rotations, managed in
accordance with regional agronomic practices. Since 1988, the cultivated field has
been under a regimen characterized by high levels of fertilization, herbicide
addition, annual tillage, and wheat-corn-soybean crop rotation. The native field
has never been farmed and was cleared of trees in 1958. This field is generally
covered with a diverse plant community dominated by herbaceous perennials.
The cultivated and native fields, respectively, have geomorphically similar soils
(Typic Hapludalfs, fine-loamy, mixed, mesic), but differ significantly in factors
that are likely to influence denitrifier community composition (3, 7, 34, 45): pH
(6.56 versus 5.7), bulk density (1.65 versus 1.35 g/cm3), total carbon (0.77 versus
1.97 g/100 g of dry soil), total nitrogen (0.077 versus 0.166 g/100 g of dry soil), and
inorganic nitrogen pools (nitrate-N, 4.57 versus 0.93 �g/g of dry soil; and am-
monium-N, 2.73 versus 8.75 �g/g of dry soil).

Six individual plots of the same treatments were each sampled six times, for a
total of 36 soil cores per treatment (depth, 0 to 25 cm, diameter, 2.5 cm). Soil
cores were homogenized by sieving through a 4-mm-diameter screen, and ran-
domly collected soil aggregates from the batch of sieved soil were pooled in
sterile tubes to form 0.25-g samples. These were immediately frozen to �80°C.
Portions of samples were also stored at 4°C in order to determine moisture
content by drying at 100°C for 48 h.

Nucleic acid extraction and analysis. DNA was initially isolated from com-
posite samples of increasing size (0.25, 0.5, 0.75, 1, 1.5, 2, 3, and 6 g) using Ultra
Clean Soil DNA Isolation kits (MoBio Laboratories, Solana Beach, Calif.) as
specified by the manufacturer. The A260/A280 ratio of the extracted DNA was
1.57 � 0.14 (n � 20).

Composite samples for DNA isolations were formed by randomly selecting a
number of tubes containing 0.25-g aggregates: e.g., a 3-g composite sample was
formed from 12 tubes of 0.25-g soil aggregates. From DNA isolations of com-
posite samples, eight nosZ 50-�l PCRs were combined to form a replicate and
subjected to restriction fragment length polymorphism (RFLP) profiling. Three
replicates (e.g., three composite soil samples) per soil management conditions
and sample size were digested with the endonucleases HhaI, HaeIII, MspI, and
TaqI (New England Biolabs). PCR products of those samples in which repro-
ducibility and complexity of nosZ RFLP profiles among replicates could not be
further improved by size increase were used for further analysis.

PCR amplification. Existing nosZ sequences were retrieved from the National
Center for Biotechnology Information (NCBI) sequence and genome databank
using primer Short BLAST and DNA and amino acid sequence BLAST searches.
The respective significance of E values of hits was also considered. All accessible
nosZ sequences were aligned to evaluate the specificity and suitability of existing
primers (17, 23, 39, 43). The sequences exhibiting short overlaps (200 bp) con-
taining primer-binding sites were also aligned in separate alignments (35).

Fragments of nosZ genes were amplified with selected primer pair 661F and
1773R (39). Amplification was performed by using a mixture containing 20 pmol
of each primer, 1.5 U of Taq DNA polymerase in storage buffer B (Promega,
Madison, Wis.), 2.5 mM MgCl2, 0.1% Tryton (Promega, Madison, Wis.), 400-
ng/�l bovine serum albumin (Boehringer Mannheim), 200 �M deoxynucleoside
triphosphates (dNTPs; Invitrogen, San Diego, Calif.), and 1 �l of DNA in a final
volume of 50 �l. The touchdown PCR was performed in a Perkin-Elmer 9600
thermal cycler (Norwalk, Conn.) and included 5 min at 95°C followed by 35
cycles of 60 s at 95°C, 60 s at 58°C, and 90 s at 72°C. The annealing temperature
was shifted from 58°C to 53°C during the first 10 cycles and remained at 55°C
during the remaining 25 cycles. Triplicate PCRs per sample were run, and
aliquots were analyzed by electrophoresis on 2% (wt/vol) agarose gels (Gibco,
BRL) followed by 10 min of staining with ethidium bromide (0.5 mg liter�1).
Bands were visualized by UV excitation.

Cloning of nosZ PCR products from soil samples. PCR products were purified
by separation with low-melting-point agarose (2% [wt/vol]). Bands of the ex-
pected size (i.e., 1,100 bp) were excised and purified with the QIAquick gel
extraction kit (Qiagen, Chatsworth, Calif.) as specified by the manufacturer.
Eluted nosZ PCR products (4 �l) were cloned by using the TOPO TA cloning kit
(Invitrogen, San Diego, Calif.).

RFLP screening of nosZ clones. The two libraries contained 288 randomly
selected clones each and were organized on agar trays the size of microtiter
plates. A 96-dot plater was used to inoculate clones from agar trays onto a
microtiter plate containing 200 �l of Luria-Bertani (LB) freezing buffer supple-
mented with kanamycin (50 �g/ml). Clones were grown for 10 h at 36°C in an
orbital shaker at 200 rpm. Using the multichannel pipettor, 2 �l of the resulting
cell suspension was resuspended in a prepared 96-well 18-�l PCR mix. The
inserts were amplified as described above, with the exception of a 10-min dena-
turation time and 25 PCR cycles. Aliquots (5 �l) were analyzed on 2.5% (wt/vol)
agarose gels, and only clones bearing inserts of the expected size were analyzed
further. The PCR products from selected clones were screened by RFLP. Known
nosZ sequences were digested in silico using BCM Search Launcher utilities
(http://searchlauncher.bcm.tmc.edu). In order to maximize resolution of RFLP
analysis, PCR products (10 �l) were digested in separate reactions using 2.5 U of
four selected restriction endonucleases (HhaI, HaeIII, and MspI at 37°C and
TaqI at 65°C) overnight. The digested products were separated by gel electro-
phoresis in 3.5% (wt/vol) Metaphore agarose (FMC Bioproducts, Rockland,
Maine) in freshly prepared 1� Tris-borate EDTA buffer at 4°C with 8 V cm�1

for 3.5 h. Digests were run in triplicate. The resulting RFLP patterns were
manually aligned.

Diversity indices. Since any RFLP pattern may represent sequences from
multiple phylogenetic groups (21), four tetrameric endonucleases per clone were
used to maximize resolution. To evaluate richness and evenness, diversity statis-
tics were calculated by using RFLP data as representations of different phylo-
types. Phylotype richness (S) was calculated as the total number of distinct RFLP
patterns in soil. The Shannon diversity index (22) was calculated as follows: H �
-�(pi)(log2 pi), where p is the proportion of distinct RFLP patterns relative to the
sum of all distinct patterns in one library. Evenness (22) was calculated from the
Shannon diversity index, where E � H/Hmax and Hmax � log2 (S). Library
coverage (C) was also used as a measure of captured diversity (14) and was
calculated using C � 1 � n/N, where n is the number of clone types from a clone
library that are encountered only once and N is the total number of clones
analyzed. The species richness was estimated by two means. First, curve extrap-
olation was used to estimate the asymptotic value by fitting the data from plots
containing species abundance data randomized 1,000 times (rarefaction) to a
simple negative-exponential model (12, 19) and Eadie-Hofstee transformation
(32), and second, the nonparametric Chao1 estimator (9) was calculated from
randomized data as described by Hughes et al. (19). Log transformation was used
to calculate Chao1 corresponding 95% confidence intervals (95% CIs) because
the distribution of estimates is not normal (9). The analyses were performed with
RECODE (R. Pestotnik, Josef Stefan Institute; http://www-f9.ijs/�rok) in con-
junction with Physics Analysis Workstation (PAW; http://wwwinfo.cern.ch/asd
/paw) and EstimateS (version 6.0b1; R. Colwell, University of Connecticut; http:
//viceroy.eeb.uconn.edu/estimates). For the purpose of inputting the data into
the programs, we treated each clone as a separate sample (19), and 1,000
randomizations were run. Since most of the problems in measuring bacterial
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diversity arise from the difficulties of defining phylotypes or operational taxo-
nomic units (OTU), an alternative in the form of mean taxonomic distance
(Dmean) between all pairs of isolates as a diversity index, combining proportional
abundances with phylogenetic diversity, was also calculated: Dmean � 2 � d(i,j)/
S(S � 1), where d(i,j) is one-nucleic-acid homology and S is the total number of
clones (33, 48).

Sequencing of nosZ PCR products and phylogenetic analysis. The fragments
that represented major groups of clones with identical RFLP profiles encoun-
tered at least twice and four randomly selected clones with unique RFLP pat-
terns encountered only once were sequenced. Clones were grown for 6 h, and
nosZ fragments were amplified as described above, with exception of the M13
F-M13 R primer pair that binds to sites next to the insert in the plasmids. The
amplified PCR products were purified with the QIAgen PCR purification kit
(Qiagen, Chatsworth, Calif.), and DNA sequences were determined by direct
sequencing with an ABI 377 DNA sequencer (Applied Biosystems, Foster City,
Calif.) using dye primer sequencing with primer pairs PCI and PCII (51) and
661F and 1773R (39). Contigs were assembled using Contig Assembly Program
(http://www.cs.sunysb.edu), and preliminary studies were performed with
BLAST (1).

The alignment of the predicted amino acid sequences with previously pub-
lished sequences overlapping in the same region was performed with the Clustal
W program (44) in the BioEdit program package (16). The basic alignment was
created using default gap introduction and elongation weights. The resulting
alignment was examined and realigned manually. Weights were increased incre-
mentally to minimize the number and size of gaps while maximizing the extent of
conserved blocks (15). Regions of ambiguous homology, translated primer bind-
ing sites, and insertions and deletions (indels) not present in all sequences
analyzed were excluded, yielding an amino acid data set with 299 positions. Trees
were reconstructed from distance matrices by using FITCH and neighbor joining
(TREECON) (47) and the PHYLIP software package, version 3.6a2.1 (13),
parsimony PROTPARS (PHYLIP), and maximum-likelihood MOLPHY (Insti-
tute Pasteur, http://bioweb.Pasteur.fr/seqanal/interfaces/prot_nucml.html). Two
separate distance matrices were calculated by using PROTDIST (PHYLIP) with
the Jones-Taylor-Thornton model and Dayhoff PAM 001 matrix (13) as the
amino acid replacement models with randomized input order (“jumble” seven
times). Neighbor-joining trees were reconstructed with four different models:
Kimura two parameter, Poisson correction, Tajima, and Nei, as implemented in
TREECON software (47). The model of Nei and Saitou was used with random-
ized species input order (“jumble,” random seed 7, seven times) options (13).
FITCH trees were reconstructed using the global rearrangements and random-
ized species input order (“jumble,” random seed 7, seven times) options. Statis-
tical evaluation of tree topologies was performed by bootstrap analysis with 1,000
resamplings for neighbor joining and parsimony as implemented in the PHYLIP
and TREECON packages. After comparison of trees generated by different

methods, a consensus tree was constructed by introducing multifurcations where
the topology was not resolved.

Nucleotide sequence accession number. The nosZ gene sequences have been
deposited in the EMBL nucleotide sequence database under accession no.
AJ550328 through AJ550375.

RESULTS

Representative nucleic acid extraction and amplification of
nosZ gene fragments. High-molecular-mass DNA (15 to 20 kb)
was isolated from soil samples from both study sites. Amplifi-
cation of nosZ fragments from the cultivated soils posed con-
siderable difficulties (optical density at 260/280 nm [OD260/280]
� 1.46 � 0.10), and additional optimization of PCR was
needed, resulting in the touchdown PCR protocol described
above. Almost 50% larger total amounts of DNA were isolated
from native field samples. Simple doubling of the amounts of
DNA in PCRs did not produce significant improvement in
amplification.

A collection of tubes containing 0.25-g randomly collected
soil aggregates was randomly sampled to form composite sam-
ples of various sizes. The increase in soil sample size was
proportional to the increase in similarities of total nosZ RFLP
profiles per soil use. The largest variations were found in
smaller samples (0.25 and 0.5 g), and discrimination between
treatments was not feasible at that point. RFLP profiles of 1-,
1.5-, and 2-g samples from each soil use indicated increasing
convergence of RFLP profiles from one soil use until triplicate
3-g composite samples produced visually identical RFLP pro-
files per soil use (Fig. 1). Further increase in composite soil
sample size (6 g) did not produce any additional increase in
complexity of RFLP profiles. Hence, a 3-g soil sample was used
for subsequent studies. Large differences among native and
cultivated soil nosZ RFLP profiles were observed in triplicate
3-g samples as a first indication of differences in the denitrify-
ing microbial communities in the two soils (Fig. 1).

FIG. 1. RFLP analysis of nosZ gene fragments from triplicate 3-g soil samples taken from a native field and a cultivated field. nosZ PCR
products from both soils were digested with tetrameric restriction endonucleases HhaI and HaeIII in one reaction and MspI and TaqI in separate
reactions. M, 100-bp molecular size marker.
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RFLP analysis of clones. Clone libraries from native and
cultivated samples were formed with 288 clones from each.
Only 146 and 210 clones from cultivated and native soil clone
libraries, respectively, contained an insert of the expected size
and were screened further. The RFLP analysis of clones re-
vealed 104 and 86 unique RFLP groups in cultivated and
native soil clone libraries, respectively. Among the 182 distinct
nosZ RFLP patterns identified in the two soils, only 8 RFLP
patterns were found in both soil libraries. The native soil clone
library contained a dominant group of clones (32% of the
library), whereas none of the groups from the cultivated soil
library represented more than 5% of clones. The highest sim-
ilarity of nucleic acid sequences between sequences with dif-
ferent RFLP patterns was 98.1%.

In order to determine how well the sampling captured the
total diversity of RFLP patterns, two approaches were used.
First, library coverage (14) was calculated to be 28.8% for the

cultivated soil clone library, in contrast to 59% for the native
soil clone library; and, second, the cumulative number of dis-
tinct RFLP patterns was plotted as a function of the number of
clones screened (collector’s curve) (Fig. 2). The latter ap-
proach is analogous to rarefaction analysis in estimating spe-
cies richness from species abundance data (22). If continuous
effort does not produce new distinct RFLP patterns, the rar-
efaction curve reaches an asymptotic value, the library cover-
age value, C, approaches 1 (14), and the libraries are assumed
to be well sampled (38). The nonparametric Chao1 species
richness estimator predicted existence of 301 � 74 and 264 �
78 unique nosZ OTU in cultivated and native soil, respectively.
Using log transformation as described previously (9), the cor-
responding 95% CIs did not overlap (Fig. 3). The asymptotic
values derived from curve extrapolation models were unreli-
able due to poor fit of the negative simple exponential and
Eadie-Hofstee transformation models (data not shown), an

FIG. 2. Collector’s curves indicating diversity of denitrifying bacteria as revealed by RFLP analysis of cloned nitrous oxide reductase gene
fragments (nosZ) from native and cultivated soil samples. Fragments were digested with the tetrameric restriction endonucleases HhaI, HaeIII,
MspI, and TaqI in separate reactions.

FIG. 3. Chao1 estimates of native and cultivated field nosZ richness as a function of sample size. Error bars are 95% CIs and were calculated
from the variance form derived by Chao (9) of the number of OTU (unique RFLP profiles) drawn in 1,000 randomizations at each sample size.
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observation consistent with previous results of Dunbar et al.
(12). Evenness of population was 0.76 and 0.97 for native and
cultivated soil, respectively, 1 being the case when all species
are equally abundant.

Phylogenetic analysis. Partial nosZ gene sequences (ca.
1,100 bp) from 48 clones were identified: 24 from each soil.
Genes were given a designation beginning with treatment num-
ber (c-T1 for cultivated and n-T8 for native soil), followed by
a clone number in a library (e.g., C54). Comparisons with the
NCBI database by using a BLAST search revealed that all of
the 48 sequences showed homology to known nosZ sequences.
The nucleotide sequence similarities from pairwise compari-
sons of the cultivated and native soil clones were similar, rang-
ing from 60.9 to 97.9% and from 65.9 to 98.7%, respectively.
The average level of nucleotide similarity for cultivated soil
clones was 74% � 7%, in contrast to 12% higher sequence
similarity of native soil clones (86% � 7%). The average nu-
cleotide similarity of combined cultivated and native soil se-
quences was 79% � 9%. The average percentage of nucleotide
similarity of all 105 nosZ gene sequences used in this study was
70% � 10%. All clones exhibited 	90% DNA sequence sim-
ilarity to nosZ sequences from isolated denitrifying bacteria.

Percent similarities of all 105 nosZ sequences at the derived
amino acid level were not significantly different from those at
the DNA level ranging from 42 to 99% and averaged at 81% �
12%. The difference in DNA sequence similarity observed
between cultivated and native soil clones remained obvious
also at the amino acid level, averaging at 77.4% � 10% and
87.9% � 10%, respectively. The calculated average DNA sim-
ilarity was complementary to a corresponding mean taxonomic
distance (Dmean) (Table 1).

The derived amino acid sequences of all 105 nosZ gene
sequences were aligned, and approximately 15% of the 395
amino acid residues were conserved across all nosZ genes. The
sequenced region includes 7 of the 11 conserved histidine
residues reported previously (23, 40). Despite large differences
at both the DNA and amino acid sequence levels, all seven of
these histidine residues, H-129, H-130, H-132, H-178, H-346,
H-391, and H-446, remained conserved. The conservation of
these histidine residues suggests that the basic structural motifs
necessary for proper functioning of the enzyme are main-
tained, indicating that sequences could produce functional en-
zymes.

The plasmid that harbored nosZ sequence from Ralstonia
eutropha was used as the outgroup for phylogenetic distance
analysis of the nosZ sequences, because it is the most distantly
related, confirmed nosZ sequence exhibiting homology at the
DNA and amino acid levels.

Sequences from native and cultivated fields formed a joined
cluster (termed “Michigan soil”) within a cluster that con-
tained proteobacterial sequences from Bradyrhizobium japoni-
cum, Sinorhizobium meliloti, Brucella suis, and Rhodopseudo-
monas palustris. A more closely related subcluster (termed
“native”) was formed, containing 91.7% of all native soil se-
quences and 37.5% of nosZ sequences from the cultivated soil,
supported by all methods of tree reconstruction used. Almost
half of the sequences from the cultivated soil (45.8%) and one
sequence from the native soil were placed in a group contain-
ing nosZ sequences from cultivated bacteria S. meliloti and B.
suis within the large Michigan cluster, whereas one sequence
from cultivated soil was placed next to Rhodobacter spha-
eroides. None of the sequences recovered in this study was
placed into one of the two clusters containing sequences re-
covered from Atlantic or Pacific marine sediments (40). The
remaining sequences from the cultivated and native soils (five
and one, respectively) were related to 
-proteobacterial se-
quences represented by Pseudomonas spp.

DISCUSSION

Large variations (0.1 to 10 g or even more) of sample size
used for DNA extraction can be found in the literature (26, 30,
40) without establishing the appropriateness of the particular
choice (24). In this study, we first determined the sample size
that gave a consistent pattern with soil use and was not further
influenced by increased sample size. That value was 3 g for
these soils and primers. This finding is in good agreement with
previous nitrifier ecology studies of the same soils (30). The
sample size reported here is at least three times the size used
in some other studies (2, 6, 31), further emphasizing the need
to account for spatial variability of soil microbial communities.
Use of composite soil samples from numerous tubes containing
randomly collected soil aggregates and employing an even
larger number of soil cores than was used in this study (n � 36
per treatment, 0 to 25 cm, 2.5-cm diameter) might help address
methodological questions about how sampling strategies and

TABLE 1. Summary of data from RFLP and nucleotide analyses of nosZ gene fragments from denitrifier communities in native and
cultivated soils

Source

RFLP analysis results Nucleotide sequence analysis results

Sa Estimated Se
b Hc E (H/Hmax)d C (%)e Avg sequence

similarity (%)f
Dmean (substitutions/

100 sites)g

Native 86 (210) 264 � 74 4.87 0.76 59 85.9 � 0.7 (100)h 16.98 � 13
Cultivated 104 (146) 301 � 78 6.47 0.97 28 74.6 � 0.7 (100)h 26.31 � 18

a Phylotype richness, S, was calculated as the total number of unique RFLP patterns in soil. Numbers in parentheses indicate the overall numbers of clones of the
expected size screened by RFLP.

b Estimated phylotype richness, Se, as estimated by nonparametric Chao1 estimator (9). The data are the mean � standard error of the mean.
c Shannon diversity index (22).
d Evenness (22) of population.
e Library coverage (14).
f Average sequence similarity (� standard error of the mean) from pairwise comparisons of gene fragments.
g The mean taxonomic distance (� standard error of the mean) from pairwise comparisons of gene fragments (32, 48).
h Sequences with 	90% identity to any published sequence recorded in the NCBI database.
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representativeness of the sample influence the results of mi-
crobial biodiversity studies (24).

The RFLP analysis indicated lower nosZ gene diversity in
the denitrifying community from the native field, which was
also supported by the high average sequence similarity of na-
tive field clones in comparison to sequences from the culti-
vated field and low mean taxonomic distance (Table 1). Be-
cause CIs for the Chao1 estimator did not overlap, one can
reject the null hypothesis at the significance level of 0.05 that
there is no difference between the richness of cultivated and
native field communities. Because Chao1 estimates for the
cultivated field have not yet stabilized (Fig. 3), this suggests
that further sampling will result in a greater difference in rich-
ness between the cultivated and native fields.

The two soils in this study are geomorphically similar, but
are contrasting with respect to several parameters resulting
from one field’s agricultural use: e.g., pH, bulk density, total
carbon, total nitrogen and inorganic nitrogen (fertilizer addi-
tion), tillage and plant cover, and herbicide addition, which
likely have influenced the denitrifier community composition
(7, 8, 49, 52). Oxygen threshold, carbon requirement, and ki-
netic parameters are known to vary between different denitri-
fiers (8, 45) and therefore also between different denitrifying
communities (7, 8, 11, 34). Some culturable denitrifiers can
compete well as aerobic heterotrophs for carbon resources and
hence are more abundant irrespective of their denitrifying
properties (45). Since pH is a strong negative selector for
denitrifiers, the lower pH found in the native soil (5.7 versus
6.59) (8) may have contributed to the lower nosZ diversity in
this soil. In addition, based on long-term measurements (from
1991 to 1999) (34), N2O flux from the cultivated soil is consis-
tently more than double that from the native soil (3.22 � 0.45
and 1.13 � 0.11 g of N2O-N ha�1 day�1, respectively). The
N2O emissions from the native soil were also significantly
lower than those from the cultivated soil after periodic rainfall
events (N2O/N2 mol ratio, 0.36 versus 0.9) (3), indicating the
higher persistence of Nos activity under dry (aerobic) condi-
tions in the native soil in comparison to cultivated soil. Addi-
tionally, denitrifying community enzymes from the cultivated
field were found to be more sensitive to oxygen inhibition (7).
It appears that despite less-favorable acidic pH of native soil,
the relative activity of NosZ in that soil was higher as judged
from the N2O/N2 ratio, but overall emissions of N2O were
more than two times lower than that of the cultivated field.
One could infer that higher NO3

� concentration in cultivated
soil has lead to higher flux of N2O from that soil. Consistently,
the persistence of NosZ in cultivated soil was shown to be
lower than that in native soil, despite the more acidic pH in
native soil (3).

Perhaps lower availability of nitrate in the native soil relative
to the cultivated field (0.93 versus 4.57 �g/g of dry soil) (3, 34)
has selected for a community of denitrifiers able to maintain
Nos activity under more aerobic conditions. Such a community
could have a competitive advantage in exploiting the flush of
carbon that occurs on soil wet-up, since it could use N2O as
well as NO3

� as an electron acceptor if oxygen were limiting
(3, 10). The abovementioned data, RFLP, and phylogenetic
analysis point to a possible lack of selection for a more spe-
cialized denitrifying community able to successfully consume
N2O in the cultivated field soil.

Buckley et al. (6) found that these native and cultivated soils
supported similar numbers of microorganisms, as determined
by microscopic counts and CFU counts on R2A agar medium.
Despite the similarities in population sizes, the total RNA
yields from native soil were considerably higher than the total
RNA yields from cultivated soil, indicating differences in ribo-
somal activities of the indigenous community (6). Similarly, we
consistently isolated more than 50% larger amounts of total
microbial DNA from native soil relative to cultivated soil.
However, no detectable differences in the diversity or abun-
dance of Chrenarchaeota (6) and ammonium-oxidizing bacteria
(30) in the same cultured and native soil were observed despite
considerable differences in the disturbance and amendment
history associated with these two fields. Phylogenetic analysis
(Fig. 4) revealed a shift in the nosZ denitrifying community,
complementary to a recent report of Avrahami et al. (2), who
observed a community shift to nirK denitrifying strains corre-
sponding to fertilizer application, whereas the ammonia oxi-
dizer community structure remained unchanged. This could
perhaps be explained by different survival strategies (r or K) of
the two microbial groups, although there is some recent evi-
dence for existence of r/K strategists among nitrifiers as well
(42). Denitrifying r strategists, e.g., Pseudomonas spp., respond
to substrate availability with a high growth rate and thus com-
pete for resources. Changes in their community structure in
response to environmental conditions are therefore expected,
whereas slow growing K strategists such as ammonium oxidiz-
ers, by preserving their ribosomes, modulate activity rather
than their community structure in response to change in nu-
trient supply (e.g., fertilizer). It could also be argued that
cultivation of soil regularly opens new environmental niches,
especially carbon resources. Availability of organic compounds
enables denitrifiers to grow and compete as aerobic hetero-
trophs, hence supporting the higher diversity found in culti-
vated soil (52).

Phylogenetic tree reconstruction of nosZ partial gene prod-
ucts correlates well with previously described existence of three
major groups of nosZ sequences that correspond to �-, �-, and

FIG. 4. Neighbor-joining tree of partial nosZ gene products (299 of 391 residues). The consensus tree was reconstructed based on neighbor-
joining, parsimony, FITCH, and maximum-likelihood (MOLPHY) analyses. Unresolved nodes are displayed as multifurcations and are indicated
by dashed lines. Clones obtained from this experiment are shown in boldface for native (n-T8) and cultivated (c-T1) field soil. Accession numbers
are given in brackets for the cultivated species listed: Rhodopseudomonas palustris [NZ_AAAF01000014], Bradyrhizobium japonicum USDA110
[AJ002531], Sinorhizobium meliloti 1021 [NC_003037], Brucella melitensis bv. suis 1330 [AE014528], Rhodobacter sphaeroides [AF125260], Para-
coccus denitrificans Pd1222 [AJ010260], Pseudomonas fluorescens C7R12 [AF056319], Pseudomonas sp. strain MT1 [AB054991], Pseudomonas
stutzeri [M22628.1], Pseudomonas aeruginosa [X65277.1], P. aeruginosa PAO1 [NC_002516], Pseudomonas denitrificans [AF016059], Paracoccus
pantotrophus [AF016058], Ralstonia solanacearum GMI1000 [AL646084], Ralstonia metallidurans [NZ_AAAI01000000], Ralstonia eutropha H16
ATCC17699 [X65278], and Achromobacter cycloclastes IAM1013 [Y15161].
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-Proteobacteria (29). As yet, no putative nitrous oxide reduc-
tase gene cluster has been identified in gram-positive bacteria
or archaea, suggesting that another class or classes of nitrous
oxide reductase sequences remain undiscovered (29). In addi-
tion, existing nosZ sequences (although some exhibited only a
230-bp overlap with the gene region used in this study) were
used to construct an additional phylogenetic tree (data not
shown). The branching pattern of that tree was similar and
complementary to previously published results on nosZ gene
diversity in forest soil (35), marine sediments (40), and pure
cultures (29).

The consensus nosZ tree revealed several important pat-
terns (Fig. 4). First, the vast majority of clones that formed the
Michigan soil cluster did not branch with any known denitri-
fying bacteria, indicating that the two soils contain uncharac-
terized denitrifying organisms. Second, the majority of se-
quences from the native field formed a distinct cluster (native)
containing only nine clones from the cultivated field indicating
a close relationship among these sequences. Consequently, it is
unlikely that further sequencing would unravel a highly similar
community structure in both fields. This is also supported by
observed higher DNA similarity among sequences from the
native field and the RFLP analysis results. Clones from culti-
vated field were more distantly related to each other and 65%
were found outside the native soil cluster. Third, the branching
order of Pacific, Atlantic, and Michigan environmental clusters
was influenced by the method of tree reconstruction, rendering
the consensus tree less supportive to the proposed role of
habitat-specific evolution in diversification of denitrifying com-
munities as was previously suggested (5, 40). Fourth, tree or-
ganization indicated that the two denitrifying nosZ soil com-
munities are related and with some overlap. Consistent with
previous findings (2), the effects of agricultural treatments
caused a shift in the denitrifying community rather than dra-
matic changes.

Overall, the native soil showed a less diverse denitrifying
community than the cultivated soil. This finding is supported
by the collector’s curves, Chao1 estimator, and library coverage
calculations, as well as diversity indices, sequence identities,
and the phylogenetic tree. Differences in disturbance and
amendment history of the two soils are the most probable
causes for the observed shift in the microbial community, thus
providing a possible basis for the previously reported function-
ally different denitrifier communities that inhabit the two soils
(3, 7, 34). Further research should be directed toward obtain-
ing quantitative information on abundance of the different
nosZ genes in both soils by quantitative PCR or any other
quantitative molecular detection method (e.g., in situ hybrid-
ization or quantitative dot blot hybridization).
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