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Ninety percent of cultured bacterial nitrate reducers with a 16S rRNA gene similarity of =97% had a narG
or nosZ similarity of =67% or =80%, respectively, suggesting that 67% and 80% could be used as standardized,
conservative threshold similarity values for narG and nosZ, respectively (i.e., any two sequences that are less
similar than the threshold similarity value have a very high probability of belonging to different species), for
estimating species-level operational taxonomic units. Genus-level tree topologies of narG and nosZ were
generally similar to those of the corresponding 16S rRNA genes. Although some genomes contained multiple
copies of narG, recent horizontal gene transfer of narG was not apparent.

Nitrate reducers (i.e., both dissimilatory nitrate reducers and
denitrifiers) reduce nitrate to nitrite, which can then be re-
duced to ammonium by dissimilatory nitrate reducers or se-
quentially reduced to nitric oxide, nitrous oxide, and dinitrogen
by denitrifiers (29). narG codes for the alpha subunit of the
dissimilatory nitrate reductase, which reduces nitrate to nitrite
and is thus common to both dissimilatory nitrate reducers and
denitrifiers (29). nosZ codes for nitrous oxide reductase, which
reduces nitrous oxide to dinitrogen and is common to denitri-
fiers but not dissimilatory nitrate reducers (29). Both narG and
nosZ are commonly used as gene markers for community level
analysis of nitrate reducers (2, 8, 9, 16, 18, 19, 20, 25). How-
ever, standardized criteria for assigning environmental narG
and nosZ sequences to operational taxonomic units (OTUs)
are required so that diverse data sets on nitrate-reducing com-
munities can be normalized. The widespread ability of bacteria
and archaea to denitrify (29) complicates the development of
such criteria for genes involved in denitrification. Some closely
related narG and closely related nosZ genes occur in distantly
related taxa, and narG or nosZ phylogenies do not always
reflect 16S rRNA phylogenies (17). However, nosZ-based phy-
logenies in general have a high degree of congruency with 16S
rRNA gene-based phylogenies (3, 10, 30), and recent horizon-
tal gene transfer of nosZ seems unlikely (10), indicating that
denitrifier structural genes might be used for estimating the
species-level novelty, as well as species-level diversity, of deni-
trifiers in environmental samples. The limited amount of data
on horizontal gene transfer of narG (4, 24) identifies a need to
extend such an approach to this gene. The limited number of
studies that have compared 16S rRNA with narG or nosZ
phylogenies accentuates the need for a more thorough analysis
of the phylogenetic relatedness of these three genes (3, 4, 7).
Thus, the main objectives of this study were to (i) resolve
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criteria for standardizing OTU assignment of environmental
narG and nosZ sequences, (ii) determine whether those crite-
ria can be used as indicators of novel species, and (iii) inves-
tigate the impact of horizontal gene transfer on narG.

Analysis of narG and nosZ sequence data. One hundred
fourteen narG and 85 nosZ sequences from pure cultures were
retrieved from GenBank along with the associated 16S rRNA
gene sequences (see Table S1 in the supplemental material).
The fragments of narG, nosZ, and the 16S rRNA gene that
were analyzed correspond to regions amplified by the com-
monly used primers narG1960f/-2650r (18), nosZF/-R (19),
and 27F/1492R (14), respectively. Alignments of 16S rRNA
gene fragments and in silico-translated narG and nosZ frag-
ments were performed with ClustalW implemented in MEGA
4.0 (13) and manually refined. The number of base or amino
acid differences per site (D) was calculated for pairwise com-
parisons of all narG, nosZ, and 16S rRNA gene fragments. The
similarity (S) was expressed as S = 1 — D. The percent simi-
larity of narG or nosZ from nucleic acid- and amino acid-based
comparisons was plotted against the percent similarity of the
corresponding 16S rRNA gene. This approach is similar to that
used for derivation of 16S rRNA gene-based criteria for spe-
cies delineation, which is based on DNA/DNA similarities (as
a valid criterion to distinguish two species) (28).

Phylogenetic trees based on nucleotide sequences of 16S rRNA
gene, narG, and nosZ fragments were calculated in MEGA 4.0
(13) using the neighbor-joining algorithm (21) and 500 bootstrap
replications (5). Tree topologies were compared to evaluate the
use of narG and nosZ as indicators of new species.

The impact of horizontal gene transfer on narG diversity
was assessed by locating putatively horizontally transferred
genes in whole-genome sequences of species using the score-
based identification of genomic islands—hidden Markov model
algorithm (SIGI-HMM) as implemented in Colombo (http://www
.tes.informatik.uni-goettingen.de/colombo-sigihmm), which iden-
tifies putatively alien genes based on differences in codon usage
(27), and using SeqWord, which can be used to identify putatively
alien genes based on oligonucleotide biases (6).

Correlations between structural gene sequences, species di-
versity, and horizontal gene transfer. A 16S rRNA gene sim-
ilarity of =97% (a conservative threshold similarity for assign-
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FIG. 1. Correlation of DNA and in silico-translated amino acid sequence similarities of narG (A, B) and nosZ (C, D) versus 16S rRNA gene
similarity. Dotted lines represent the similarity values, below which two sequences always had less than 97% 16S rRNA gene sequence similarity.
The dashed lines represent the 90% quantile of pairwise sequence comparisons with a 16S rRNA gene sequence similarity of 97% (i.e., threshold

similarity). The solid lines mark the 97% 16S rRNA gene similarities.

ing two organisms to different species [22, 23]) corresponded to
an average narG sequence similarity of 85% (86% for trans-
lated amino acids). Nitrate reducers that had a <48% narG
sequence similarity (or <42% for translated amino acids) al-
ways had a 16S rRNA gene similarity of <97% (Fig. 1) and
therefore belonged to different species. Ninety percent of the
nitrate reducers with a 16S rRNA gene similarity of =97% had
a narG sequence similarity of =67% and a narG translated
amino acid similarity of =59%. The same gene sequence and
translated amino acid similarities were obtained for 90% of
nitrate reducers with a 16S rRNA gene similarity of =98.7%,
which has recently been suggested as a threshold similarity for
species differentiation (22). The correlation analysis suggests
that a narG sequence similarity of 67% and a narG amino acid
similarity of 59% could be used as threshold similarities (i.e.,
any two sequences that are less similar than the threshold
similarity value have a very high probability of belonging to
different species) for estimating narG-derived species-level
OTUs. These relationships are indicative of different evolu-
tionary rates for narG and the 16S rRNA gene. Tree topologies
of narG and 16S rRNA phylogenies were generally similar at
the genus level, since species of the same genus mostly clus-
tered together in both trees (Fig. 2). However, multiple copies

of narG were present in some species. In such cases, the mul-
tiple narG copies clustered separately (Fig. 2), while the mul-
tiple copies of the 16S rRNA genes from the organisms ana-
lyzed clustered closely together (data not shown).

The percentage of putatively alien genes found in whole-
genome sequences ranged from 0% to 20.6% based on codon
usage analysis, and the Nar operon was predicted to be puta-
tively alien only in Pseudomonas stutzeri A1501 and was esti-
mated to be transferred from the Gammaproteobacteria (see
Table S1 in the supplemental material). In Nitrobacter wino-
gradskyi Nb-255, narl and nar] were identified as putatively
alien genes transferred from the Gammaproteobacteria (see
Table S1 in the supplemental material). It appeared to be
unlikely, based on oligonucleotide bias, that the Nar operon
was horizontally transferred in any species (e.g., see Fig. S1 to
S3 in the supplemental material).

A 16S rRNA gene similarity of =97% (a conservative
threshold similarity for assigning two organisms to different
species [22, 23]) corresponded to an average nosZ sequence
similarity of 89% (92% for translated amino acids). Denitrifi-
ers with a <58% nosZ similarity (or <50% similarity of trans-
lated amino acids) always had a 16S rRNA gene similarity of
<97% (Fig. 1) and therefore belonged to different species.
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FIG. 3. Comparison of nosZ (A) and 16S rRNA (B) phylogenies. Boxes 1 to 6 display examples of closely related species clustering together
in the nosZ tree. Not all sequences of Azospirillum sp. cluster together in the nosZ tree. Neighbor-joining trees were constructed from nucleotide
sequences of nosZ and 16S fragments with approximate lengths of 700 and 1,400 bp, respectively. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (500 replicates) is shown next to the branches. Bootstrap supports below 50% are not shown.
The bars represent estimated sequence dissimilarities of 5% (A) and 2% (B).

Ninety percent of denitrifiers with a 16S rRNA gene similarity
of =97% had a nosZ sequence similarity of =80% and a
translated amino acid similarity of =86%. Ninety percent of
denitrifiers with a 16S similarity of =98.7% had a nosZ se-

quence similarity of =85% and a translated amino acid simi-
larity of =90%. The correlation analysis suggests that a nosZ
sequence similarity of 80% and a nosZ amino acid similarity of
86% could be used as threshold similarities for estimating

FIG. 2. Comparison of narG (A) and 16S rRNA (B) phylogenies. Boxes 1, 4, and 5 display examples of closely related species clustering
together in the narG tree. Boxes 2 and 3 illustrate that multiple copies of narG from the same organism cluster separately. Neighbor-joining trees
were constructed from nucleotide sequences of narG and 16S fragments with approximate lengths of 650 and 1,400 bp, respectively. The percentage
of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) is shown next to the branches. Bootstrap
supports below 50% are not shown. The bars represent estimated sequence dissimilarities of 5% (A) and 0.1% (B).
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nosZ-derived species-level OTUs with a very high probability
of estimating correctly. The calculated threshold similarities
are in good agreement with those calculated for the nosZ
fragment amplified by the primers nosZ661F/-1773R (9). Phy-
logenetic trees of nosZ and 16S rRNA genes had similar clus-
tering at the genus level (Fig. 3). Multiple copies of nosZ per
organism were not found. The different threshold similarities
of nosZ and narG suggest that nosZ is more conserved than
narG, indicating that species-level OTU assignment of nosZ
might be more reliable than that of narG.

Conclusions. The above considerations indicate that narG or
nosZ analyses can be used to estimate species-level diversity of
the associated bacteria on the basis of sequence similarities.
Such analysis is considered to yield a minimum number of
species in a sample (i.e., the true species-level diversity might
be much higher). Analyses of gene markers of different func-
tional groups revealed similar threshold similarities indicating
species-level OTUs (e.g., for dsrAB and amoA gene fragments,
they were 80 to 90%) (11, 12). Since narG or nosZ sequences
from organisms of the same genus generally form coherent
clusters in phylogenetic trees (Fig. 2 and 3), distinct clusters of
environmental sequences could provide evidence for new ge-
nus-level diversity. Recent horizontal gene transfer does not
appear to have occurred for either narG (as indicated by the
results in this study) or nosZ (as indicated by the results in
reference 10). The adaptation of genomic features of an alien
gene to those of a host genome takes several hundred million
years (15), and genes that were horizontally transferred 50
million years ago can be reliably detected by sequence analyses
(26). Sequence differences might also be caused by gene du-
plication and diversification (e.g., in species in which multiple
gene copies are present) rather than by horizontal gene trans-
fer (1). However, analysis of codon usage and oligonucleotide
bias does not always reveal the transfer of genes from closely
related organisms with similar genomic features (27).

Support for this study was provided by the Deutsche Forschungsge-
meinschaft (DFG HO 4020/2-2 and DR 310/3-3) and the University of
Bayreuth.
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