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FIG. 4. Phylogram for nirS, which encodes the cytochrome cd-containing nitrite reductase. The alignment was performed on 357 positions. The
sequences of three pseudomonads served as an outgroup. Otherwise, see the legend to Fig. 2.

proximately 89% identical to sequences in the data banks, in
which the closest score is for Bradyrhizobium japonicum (Fig.
5).

Evenness of the sequences obtained for nifH, which encodes
nitrogenase reductase of N, fixation. Among the nitrogenase
proteins, the NifH subunit is the most conserved. The primers
nifH-R and nifH-F amplify the target nifH gene segment in a
wide range of N,-fixing organisms (Table 2). These include
three different Frankia isolates (Fig. 6). Out of the PCR prod-
ucts obtained, 16 originating from DNA of the 5-cm layer of
the Chorbusch soil, 5 from DNA of the same layer from Vil-

lingen, and 5 from DNA of Chorbusch isolates from an en-
richment in YEM were characterized by cloning and sequenc-
ing. The sequences showed that the nifH DNA segment had
been amplified in all 26 cases. The clones CF001 (from Chor-
busch) and VF003 (from Villingen) were identical (Fig. 6). A
sequence similar to that of CF001/VF003 was found in 12
clones, and the maximal divergence between any two se-
quences of this group was 0.6%. As a sequence divergence of
0.2% reflects an exchange of a single nucleotide in this 400-
bp-long segment (without the primers), a difference of 0.6% or
even less may be due to PCR amplification and/or sequencing

FIG. 5. Phylogram for nirK, which encodes the Cu-containing nitrite reductase. Three hundred forty-one positions were utilized for the
alignment, and the sequence of Haloarcula marismortui was the outgroup. Otherwise, see the legend to Fig. 2.
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FIG. 6. Phylogram for nifH, which encodes dinitrogenase reductase (NifH). The alignment was performed with 293 nt (gaps excluded) or 310

nt (gaps included). The outgroup sequences were from Paenibacillus spp.,
Otherwise, see the legend to Fig. 2.

errors but may not indicate a novel bacterial strain. The closely
related sequences of CFY01 and CFY02 occurred six times,
CF049 occurred three times in Chorbusch samples, and VF009
occurred twice in Villingen samples. Three sequences only,
CF051, CF004a, and CF018a, were unique. The comparison by
pairs revealed that the new different sequences had an average
identity of 83.4% = 4.0%. They could be subdivided into three
groups. Clone CF051 clustered with Azorhizobium caulinodans
ORS 571; CF049 and VF009 clustered with Beijerinckia indica;
and CF052, VF003, CFY02, and CFY01 bore some resem-
blance to B-proteobacteria. A single isolated clone, CF018a,
grouped with the Rhodospirillum/Azospirillum cluster. It should
be mentioned that none of the new sequences totally matched
any deposited in the data banks. Two further, only partial

clostridia, and cyanobacteria. a and B denote arbitrary classifications.

sequences of YEM-grown isolates from the Chorbusch soil
clustered with Azorhizobium caulinodans and Bradyrhizobium
Japonicum, respectively (not documented in Fig. 6).

DISCUSSION

In any attempt to characterize the microbial soil community,
one is immediately faced with its enormous biodiversity. Apart
from the fact that only an indeterminable percentage of the
DNA from soil bacteria may be suitable for amplification by
PCR, only a small fraction of the PCR products can be char-
acterized by sequencing due to limitations with respect to time
and funds. Therefore, clones can be selected only at random.
In any approach like the present one investigators are imme-
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diately faced with the problem of the general validity of the
results. This investigation attempted to characterize the micro-
bial flora of a soil by the use of primers for PCR amplifications
of the nitrogenase gene, three denitrification genes, and the
16S rRNA gene side by side. Although the bacterial population
could not be characterized comprehensively, some unexpected
results, partly apparently of general validity, emerged.

All 31 sequenced 16S rRNA gene clones and even some of
the isolates from Chorbusch soil came from bacteria that have
not been described, as their sequences were not identical with
any of the approximately 30,000 deposited in the data banks
(including 20,000 sequences from cultured bacteria). The di-
vergence in sequences of the 31 clones compared to those of
the 59 selected from the database (Fig. 2) was 7.3% at a
minimum and 26.5% at a maximum. This is far beyond PCR
amplification and sequencing errors.

Each of the new 16S rRNA gene sequences was unique.
However, some sequences were rather similar. Clones C6021
and C6038 had a sequence identity of 99.0%; thus, only 3 bases
were exchanged. Such differences may be due to errors in PCR
amplification and the cloning of closely related 16S rRNA gene
sequences, which can cause up to a 1.2% divergence within 16S
rRNA gene clone libraries (36). If one assumes that the error
in the sequence determination amounts to even 3%, 24 out of
the 31 clone sequences were still different. Clones C6014,
6032, C6022, and C6057s were between 93 and 95% identical
when analyzed in pairs. Such small differences may reflect that
bacteria of such a habitat may be composed of a genetic con-
tinuum where isolates can hardly be differentiated into clearly
separated species (37). It was not expected that exactly the
same 16S rRNA gene sequence would show up twice. Even
though a PCR with universal DNA primers amplifies the seg-
ment with different levels of efficacy in bacteria (38), the biodi-
versity of the PCR products would still be enormous. If only
10% of the gene segments were amplified under the conditions
employed, the complete analysis would require sequencing of
10? different PCR products of the ribotypes per g of soil. The
high biodiversity in soils is also reflected by findings that 200
clones from a sandy loam soil yielded 73 different total-RFLP
signals and 154 different RFLP patterns (11).

The 16S rRNA gene sequences of the cultured isolates all
belonged to bacteria of the Bacillus/Paenibacillus group. Bac-
teria of this group are common among culturable soil bacteria
(22). Sequencing did not reveal the occurrence of either rhi-
zobia or pseudomonads and revealed the sequence of only one
of the azospirilla in this soil; thus, their numbers may be small
at the Chorbusch location. Their occurrence in this soil was,
however, documented by employing primers specific for either
azospirilla or rhizobia (C. Rosch, unpublished data). The ma-
jor part of the PCR products obtained with the universal bac-
terial primers used in the present study belonged to members
of the Acidobacterium phylum, to unknown vy-proteobacteria,
and to actinomycetes. The sequences of the PCR products
around those of C6040 and C6057 were only distantly related
to actinomycetes or to deep-rooted members of the Bacillus/
Clostridium group. Members of the Acidobacterium phylum
and many of the actinomycetes are as yet uncultured or grow
at best with a long generation time (30). A similar abundance
of bacteria of the Acidobacterium phylum and of actinomycetes
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in the soil microbial community of a wheat field in The Neth-
erlands has recently been described (35).

In contrast to the apparent richness in the 16S rRNA gene
sequences, the PCR products from DNA of the Chorbusch soil
were surprisingly uniform for nifH. Only one clone provided a
unique sequence, whereas all of the other 25 could be subdi-
vided into three groups with very similar sequences in each.
The two PCR clones obtained from Villingen had sequences
almost identical to those of Chorbusch samples, indicating a
low level of species richness in the population of soil bacteria
in the case of nifH. In the data banks, approximately 1,000
sequences are available for nifH, among which are also some
from the actinomycete Frankia spp. The primers developed
might allow PCR amplifications of nifH from all organisms,
including Frankia spp. Thus, it is tentatively concluded that the
actinomycetes and the members of the Acidobacterium phylum
are non-N, fixers in such a soil unless sequences were present
in the DNA but not recovered by PCR. A previous study (26)
showed that N,-fixing bacteria predominantly occur in the up-
per soil layer and are estimated to make up ~5% of the total
bacterial population. A similar low level of diversity in nifH-
positive bacteria was also found in a soil of a Douglas fir forest
in Oregon, where 64 nifH clones provided only 13 RFLP pat-
terns (44).

Two more specific observations with nifH are worth men-
tioning. Isolate YC06 grown in YEM is most closely related to
the noncultured clone NIW 4-4 (21), both of which cluster with
Azospirillum (Fig. 6). Four nearly identical sequences have now
been reported for clones CF001, CF052 (both from Chor-
busch), VF003 (from Villingen), and HT1901 (from the North
Pacific Ocean close to Hawaii [46]), suggesting a broad distri-
bution of some N,-fixing species.

With nosZ, the biodiversity was higher. Out of the 69 se-
quences analyzed from the Chorbusch soil, 32 were different.
However, the nine from the Villingen soil were almost identi-
cal. All sequences were related to those from proteobacteria
and did not cluster in groups apart, in contrast to the situation
with the 16S rRNA gene segment. In line with this, for nosZ,
the data banks do not contain any sequence next to actinomy-
cetes and the Acidobacterium phylum. Thus, these groups of
organisms might not be significant contributors to denitrifica-
tion and N, fixation in such soils unless they possess unusual
genes or have acquired proteobacterial genes by lateral gene
transfer. Our 700-bp PCR product overlapped by 230 bp those
of the Atlantic or Pacific coast (32, 33). The sequence infor-
mation in these common 230 bp was sufficient to combine the
data for a joint phylogram for nosZ (Fig. 3). The phylogram
derived from the longer (700-bp) segment closely matched the
one constructed from the 230-bp sequences shown in Fig. 3,
with the exception that the clusters for Azospirillum and Rhi-
zobium were more distinctly resolved in the 700-bp comparison
(C. Rosch, unpublished data). In the case of the marine sedi-
ments (32, 33), the sequences clustered monophyletically, with
the exception of ProL. The sequences from the Chorbusch soil
were more diverse and remarkably did not overlap those of any
from the marine sediments of the Pacific and Atlantic coasts.
Thus, the occurrence of bacteria possessing the N,O reductase
gene is seemingly habitat specific, although the geographical
distance might not to be neglected.

Previous DNA-DNA hybridization experiments with probes
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for either the cytochrome cd,- or Cu-containing nitrite reduc-
tase showed that bacteria with these genes occur in both the
Chorbusch and the Villingen soil, with a possible enrichment
of bacteria with the Cu enzyme in the bulk, root-free soil (25,
26). For both genes, the DNA probes hybridized and the prim-
ers provided amplification products with target DNA of a
whole range of culturable bacteria (17, 18, 25, 26). Unexpect-
edly, in the case of nirS, false PCR products were obtained for
10 out of 15 clones. The rest, however, showed strong sequence
homologies to nirS, and all were next most closely related to
the gene from Ralstonia eutropha and Azospirillum brasilense.
Such a problem with false amplification products occurred
occasionally in the case of nosZ but not with other genes.
Primers recently developed by others (4, 5) may well be more
suited for assessing the occurrence of nirS in bacteria and
possibly also in soil DNA. In the case of nirK, the 10 clones
from Chorbusch and 2 clones from Villingen soil DNAs
showed strong sequence identities among them, which casts
doubt as to whether the population of bacteria with nirK has
been assessed representatively under the conditions employed.
However, the biodiversity of bacteria with this gene was re-
ported to be low in marine habitats as well (3).

The unexpected outcome of this study is that the sequences
obtained here were new for each gene, but this reflects the
enormous biodiversity in such soils. At the beginning of this
study in the spring of 2000 we were faced with the problem that
only a few sequences of the denitrification genes were available
in the data banks, e.g., in the cases of both nitrite reductases.
Thus, it was difficult to find universal primers recognizing the
target genes in all organisms. As the new sequences obtained
here were deposited into the data banks and as the sets for the
genes are currently increasing almost monthly, it should be
possible to develop primers of motifs conserved in all organ-
isms which might allow us to more widely screen for the dis-
tribution of functional genes in diverse habitats in the near
future. Studies similar to the present attempt for soils will help
us to understand structure-function relationships in environ-
ments with complex biodiversities.
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