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A system was developed for the detection of denitrifying bacteria by the amplification of specific nitrite
reductase gene fragments with PCR. Primer sequences were found for the amplification of fragments from both
nitrite reductase genes (nirK and nirS) after comparative sequence analysis. Whenever amplification was tried
with these primers, the known nir type of denitrifying laboratory cultures could be confirmed. Likewise, the
method allowed a determination of the nir type of five laboratory strains. The nirK gene could be amplified from
Blastobacter denitrificans, Alcaligenes xylosoxidans, and Alcaligenes sp. (DSM 30128); the nirS gene was amplified
from Alcaligenes eutrophus DSM 530 and from the denitrifying isolate IFAM 3698. For each of the two genes,
at least one primer combination amplified successfully for all of the test strains. Specific amplification
products were not obtained with nondenitrifying bacteria or with strains of the other nir type. The specificity
of the amplified products was confirmed by subsequent sequencing. These results suggest the suitability of the
method for the qualitative detection of denitrifying bacteria in environmental samples. This was shown by
applying one generally amplifying primer combination for each nir gene developed in this study to total DNA

preparations from aquatic habitats.

Denitrification is a dissimilatory process of bacteria in which
oxidized nitrogen compounds are used as alternative electron
acceptors for energy production. The gaseous end products
NO, N,O, and N, are released concomitantly. In the environ-
ment, denitrification is responsible for the release of fixed
nitrogen into the atmosphere in form of N, (13). It causes
major nitrogen losses in agricultural soils to which fertilizers
are applied. Accumulation of the greenhouse gases NO and
N,O leads to the destruction of the ozone layer (3, 13). Also,
denitrifying bacteria cause the removal of nitrogen compounds
from waste water, where denitrification is coupled to the nitri-
fication process (13). Bioremediation of environmental pollut-
ants can be achieved under denitrifying conditions (5, 10, 33).

Denitrifying bacteria are phylogenetically diverse. They be-
long to all major physiological groups except for the Enterobac-
teriaceae, obligate anaerobes, and gram-positive bacteria other
than Bacillus spp. (34). Defined as a physiological group, these
facultative anaerobes can switch from oxygen to nitrogen ox-
ides as terminal electron acceptors when kept under anoxic
conditions. Nitrite reductase is the key enzyme in the dissim-
ilatory denitrification process. The reduction of nitrite to NO
can be catalyzed by the products of two different nitrite reduc-
tase genes: one product contains copper (the nirK product),
and the other contains cytochrome cd, (the nirS product). The
two genes seem to occur mutually exclusively in a given strain,
but both types have been found in different strains of the same
species (4). Although structurally different, both enzyme types
are functionally and physiologically equivalent (9, 35). nirS
is more widely distributed; nirK is found in only 30% of the
denitrifiers studied so far. However, nirK is found in a wider
range of physiological groups (4). Several different approaches
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were used to determine the type of nitrite reductase in labo-
ratory pure cultures. Diethyldithiocarbamate has been used to
identify nirK-containing denitrifiers (21). Very specific detec-
tion, mostly at the strain level, could be achieved with antisera
against dissimilatory nitrite reductase (dNirS [4, 24, 29] and
dNirK [4, 17]). Another approach was the use of gene probes
for nirK (12, 32) or nirS (12, 15, 24, 29), which were generally
specific for the strains investigated. Weak reactivity also oc-
curred for the nirK gene probe with DNA from some of the
other nir-type denitrifiers (32); the nirS probe, on the other
hand, hybridized with a more limited variety of strains (24, 30).
A PCR method with one primer pair to target the nir$ nitrite
reductase gene showed higher specificity than hybridization
experiments (30).

In the present study, we report on the application of new
primer systems for both types of nitrite reductase genes. We
used several different primer pairs to determine the nir type of
denitrifying strains. Using samples from aquatic habitats, we
amplified nir fragments and used the most reliable primer pairs
for nirK or nirS, respectively, to successfully detect, in these
aquatic samples, different populations of denitrifying bacteria.

MATERIALS AND METHODS

Bacteria and growth conditions. A variety of denitrifying and nondenitrifying
bacterial strains (see Tables 2 and 3) were used to evaluate the specificity of
designed PCR primers. All strains were grown aerobically at 27°C. For genomic
DNA isolation, Pseudomonas, Alcaligenes, Ochrobactrum, Paracoccus, and Azo-
spirillum strains and the denitrifying isolate IFAM 3698 were grown on nutrient
broth (NB; Merck, Darmstadt, Germany). Rhizobium strains were grown on
yeast extract medium (YEM [27]). Hyphomicrobium zavarzinii IFAM ZV-622"
was grown on 337-B1 medium (7) with 0.5% (vol/vol) methanol. Rhodobacter
sphaeroides f. sp. denitrificans was grown on trypticase soy broth (TSB; Difco
Laboratories, Detroit, Mich.), Roseobacter denitrificans was grown on oligotro-
phic medium (PYGYV [25]) supplemented with 25%o artificial seawater (16), and
Blastobacter denitrificans was grown on peptone yeast extract glucose medium,
i.e.,, PYGV without vitamins. Nondenitrifying strains of the Enterobacteriaceae
were grown on Luria broth (LB [19]).

Extraction of genomic DNA. Genomic DNA was obtained from pure cultures
by lysozyme-proteinase K-sodium dodecyl sulfate (SDS) treatment followed by
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phenol-chloroform extraction and subsequent ethanol precipitation (8). The
purity and concentration of the DNA preparations were determined spectropho-
tometrically.

Preparation of total DNA from an enrichment culture and four environmental
samples. DNA was prepared from five samples. (i) A 500-ml volume of medium
337-B1 with 0.5% (wt/vol) KNO; for the enrichment of denitrifying methylotro-
phic bacteria was inoculated with 100 pl of activated sludge from a sewage
treatment plant near P16n (Schleswig-Holstein, Germany). After 4 weeks at 28°C
under anaerobic conditions, 500 wl of the enrichment was again inoculated and
kept under the same growth conditions. Six months later, cells were harvested by
centrifugation (6,000 X g for 60 min at 4°C) and resuspended in 400 wul of
double-distilled water. The DNA was extracted with Chelex 100 (28).

(ii) A 1.5-ml volume of activated sludge from a sewage treatment plant in Plon
(Schleswig-Holstein, Germany) was pelleted (13600 X g for 10 min at 4°C), and
the pellet was air dried and resuspended in 0.85% NaCl solution. DNA extrac-
tion (8) was followed by an additional hexadecyltrimethylammonium bromide
(CTAB; Sigma Aldrich, Steinheim, Germany) precipitation step (1) to remove
humic acids and carbohydrates.

(iii) Surface water (30 liters) from Lake Kleiner Ploner See (Schleswig-Hol-
stein, Germany; collected in April 1996) was filtered through a cellulose filter
(Sartorius, Gottingen, Germany) to remove particles larger than 100 wm and
then through a fiberglass filter (pore size, 3 wm; Millipore, Bedford, Mass.), and
cells were collected on a Durapore filter (pore size, 0.22 pm; Millipore). Bacte-
rial cells were removed from the filter by shaking it (100 rpm for 5 h at 4°C) in
100 ml of filtered lake water (pore size, 0.22 wm) containing 0.1 mM EDTA. The
cells were then harvested by centrifugation (8,000 X g for 45 min at 4°C). The
air-dried pellet was resuspended in 10 ml of SET buffer (5% sucrose, 50 mM
EDTA, 50 mM Tris-HCI [pH 7.6]). The cells were lysed by the method of Smalla
(22) with modifications suggested by Gliesche et al. (8). The suspension was
frozen (20 min at —20°C) and thawed (5 min at 30°C) and kept on ice with 1
volume of chilled acetone for 30 min. The pellet (after centrifugation at 4000 X
g for 10 min) was dried, resuspended in 5 ml of SET buffer containing 5 mg of
lysozyme, and incubated at 37°C for 1 h. DNA extraction and purification were
performed by the method of Gliesche et al. (8).

(iv) Cells from 10 liters of lake water (Lake Plussee, Schleswig-Holstein,
Germany; collected at a depth of 9 m in August 1996) were concentrated by
tangential-flow filtration (31). To 100 pl of the cell suspension was added 200 .l
of MilliQ water; DNA was extracted with Chelex 100 (28) and further purified
with CTAB (1).

(v) DNA from sediment (Lake Kleiner Ploner See; collected in April 1996)
was isolated by the method of van Elsas and Smalla (26) with an additional
proteinase K treatment (50 pl of a 20-mg ml~! solution) after the incubation
with SDS.

PCR amplification of the nir genes. PCR amplifications from pure cultures and
environmental samples were performed in a total volume of 50 .l containing 5 .l
of 10X PCR buffer (500 mM KCl, 25 mM MgCl,, 200 mM Tris-HCI [pH 8.4],
0.1% Triton X-100), 200 wM each deoxyribonucleoside triphosphate, 1.0 U of
Taq polymerase (5 U ul™!; Appligene Oncor, Illkirch, France), 25 pmol (for
genomic DNA) or 35 pmol (for total DNA from environmental samples) of both
primers (5 pmol pl~! each), and DNA (10 to 100 ng). After a denaturation step
of 5 min at 95°C, a “touchdown” PCR was performed (Thermocycler 2400;
Perkin-Elmer, Branchburg, N.J.). This consisted of a denaturation step of 30 s at
95°C, a primer-annealing step of 40 s, and an extension step of 40 s at 72°C. After
30 cycles, a final 7-min incubation at 72°C was performed. During the first 10
cycles, the annealing temperature was decreased by 0.5°C every cycle, starting at
45°C until it reached a touchdown at 40°C. The additional 20 cycles were per-
formed at an annealing temperature of 43°C. The amplification products were
analyzed by electrophoresis on 2% (wt/vol) agarose gels (Boehringer, Ingelheim,
Germany) followed by a 15-min staining with ethidium bromide (0.5 mg liter ™ ").

Sequencing of amplified nir products. For DNA sequencing, amplified PCR
products from pure cultures were purified with the QIAquick PCR purification
kit (Qiagen, Hilden, Germany) as specified by the manufacturer. DNA se-
quences were determined by direct sequencing of purified PCR products with the
cycle-sequencing kit (GATC, Konstanz, Germany) and Thermosequenase 2.0
(Amersham, Braunschweig, Germany) as specified by the manufacturers. Label-
ing was performed by terminating the polymerization with biotin-labeled dide-
oxynucleoside triphosphates. After a denaturing step of 4 min at 94°C, 30 cycles
of denaturation for 30 s at 94°C and primer annealing and extension for 30 s at
55°C were performed, followed by an additional extension step of 6 min at 60°C.
The sequencing products were blotted with a direct blotting apparatus (GATC)
onto a nylon membrane. The separated products were visualized by an enzyme-
linked streptavidin-biotin coupling assay with a streptavidin-alkaline phosphatase
conjugate (GATC) and NBT/X-phosphate (Boehringer, Mannheim, Germany)
as specified by the manufacturers. The sequences obtained were compared with
published nirK and nirS sequences in the EMBL Nucleotide Sequence Database
by FASTA analysis of the HUSAR program package based on the Genetics
Computer Group sequence analysis package (6).

Hybridization analysis of nir products from total DNA of environmental
samples. Approximately 100 ng (pure cultures) or 250 ng (environmental sam-
ples) of PCR product was analyzed on an agarose gel (2%, wt/vol). After elec-
trophoresis, the DNA was transferred onto a positively charged nylon membrane
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TABLE 1. Primer sequences and positions used to amplify
fragments from nirK and nirS nitrite reductase

Primer® Position” Primer sequence (5'-3")

nirK1F 526-542 GG(A/C)ATGGT(G/T)CC(C/G)TGGCA
nirK2F 565-581 GC(C/G)(C/A)T(C/G)ATGGT(C/G)CTGCC
nirK3R 898-918 GAACTTGCCGGT(A/C/G)G(C/T)CCAGAC
nirK4R 942-959 GG(A/G)AT(A/G)A(A/G)CCAGGTTTCC
nirKSR 1023-1040 GCCTCGATCAG(A/G)TT(A/G)TGG

nirS1F 763-780 CCTA(C/T)TGGCCGCC(A/G)CA(A/G)T
nirS2F 855-874 TACCACCC(C/G)GA(A/G)CCGCGCGT
nirS3F 1002-1019 TTCCT(C/G/T)CA(C/T)GACGGCGGC
nirS4F 1317-1336 TTC(A/G)TCAAGAC(C/G)CA(C/T)CCGAA
nirS3R 1002-1019 GCCGCCGTC(A/G)TG(A/C/G)AGGAA
nirS5R 1494-1514 CTTGTTG(A/T)ACTCG(C/G)(C/G)CTGCAC
nirS6R 1638-1653 CGTTGAACTT(A/G)CCGGT

“The primers are indicated by nirK for the nirK gene and nirS for the nirS
gene; forward and reverse primers are indicated by the last letters F and R,
respectively.

? Positions in the nirK gene of Alcaligenes faecalis S-6 EMBL D13155 and in
the nirS gene of Pseudomonas stutzeri ZoBell EMBL X56813.

(QIAbrane Nylon Plus; Qiagen) by capillary transfer (24). The DNA was cross-
linked to the membrane with UV light (45 s at 302 nm).

Products generated with the primer combination nirK1F-nirK5R from
genomic DNA from Alcaligenes xylosoxidans NCIMB 11015 and with the com-
bination nirS1F-nirS6R from genomic DNA from Pseudomonas stutzeri ATCC
14405 were used as probes for nirK and nirS, respectively, to determine the
specificity of nir products amplified from total environmental DNA. The nir
products were purified by eluting the bands from an agarose gel by using the
QIAquick gel extraction kit (Qiagen) as specified by the manufacturer. The
probes were labeled randomly with digoxigenin by using the digoxigenin DNA
labeling and detection kit (Boehringer) as specified by the manufacturer.

The membrane was prehybridized in 20 ml of DIG-Easy Hyb solution (Boeh-
ringer) for 2 h at 42°C. Hybridization was performed with 10 ml of DIG-Easy
Hyb solution containing the specific probe (25 ng ml~') and by incubation
overnight at 42°C. After hybridization, the membrane was washed twice for 5 min
at room temperature in 100 ml of a solution containing 2X SSC (1x SSC is 0.15
M NaCl plus 0.015 M sodium citrate) and 0.1% (wt/vol) SDS and twice at 45°C
for nirK and 46°C for nirS for 15 min with 100 ml of a solution containing 0.5 X
SSC and 0.1% (wt/vol) SDS. Subsequently, the hybridization of the digoxigenin-
labeled probe was detected by an enzyme-linked immunoassay with nitroblue
tetrazolium/X-phosphate as the substrate as specified by the manufacturer
(Boehringer).

Nucleotide sequence accession numbers. The nirK and nirS sequences have
been deposited in the EMBL nucleotide sequence databases under accession no.
AJ224902 through AJ224913.

RESULTS

Design of PCR primers. For the nirK gene, six sequences
were available from the EMBL database, i.e., from Alcaligenes
faecalis S-6 (D13155), Achromobacter cycloclastes (Z48635),
Pseudomonas aureofaciens (Z21945), Pseudomonas sp. strain
G-179 (M97294), Rhodobacter sphaeroides (U62291), and
Rhizobium “hedysari” (U65658). For the nirS gene, six se-
quences were available, i.e., from Pseudomonas stutzeri JIM300
(M80653), Pseudomonas stutzeri (X56813), Pseudomonas aeru-
ginosa (X16452), Paracoccus denitrificans Pd1222 (U05002),
Paracoccus denitrificans LMD29.63 (U75413), and Alcaligenes
eutrophus H16 (X91394). For each gene, the available se-
quences were aligned by using the MULTIALIGN program
(6). Five conserved regions for nirK and six conserved regions
for nirS were chosen to design the primers used in this study.
The sequences of the primers are shown in Table 1, and their
locations within the nir genes are shown in Table 1 and Fig. 1.
Comparison of the chosen primer sequences to all stored se-
quences in the EMBL database by using the BLASTN program
(6) revealed significant similarity only to sequences of the nirk
or the nirS gene.

Amplification of rirK and nirS fragments from pure cul-
tures. The selected primers were used to amplify nirK or nir§
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g nirS and vice versa, no PCR products were obtained (data not
2B I A e A A S S shown). In addition, no products were obtained when applying
== the nirK or nirS primer combinations to DNA from nondeni-
e trifying strains (Tables 2 and 3). Amplification experiments
Sl v e e with eubacterial primers for 16S rRNA genes confirmed the
£E ability to amplify gene fragments from the DNA of the pure
cultures (data not shown). The results of the nirK and nirS
oy o nitrite reductase PCR experiments are summarized in Tables 2
L1+ L HE T and 3.
== Determination of the type of nir gene of denitrifying bacte-
| e ria. Five .strains of d.en.itrifying bacteria were tested to deter-
g 2+ errra T mine their type of nitrite reducta.se. Genomlc DNA prepara-
2|8 tions from th.ese strains reacted w%th ether the n.er or the nir§
= primer combination in PCR amplification experiments. Blasto-
B 0 eee bacter denitrificans, Alcaligenes xylosoxidans, and Alcaligenes sp.
BlLE |+ AH AT T were determined to have the coding sequence for the nirK ni-
Rl B trite reductase as deduced from their amplification products
2 e with the nirK primer combinations (Table 2). The coding se-
> Ol R I e B quence for the nirS nitrite reductase was identified within
§ EE genomic DNA from Alcaligenes eutrophus DSM 530 and the
B denitrifying isolate IFAM 3698 as deduced from their ampli-
5— o - fication products with the nirS primer combinations (Table 3).
O|€L|++ ITH1++++1 1 1 Sequencing of nir gene fragments. To determine the speci-
=EF ficity of the amplified fragments, the PCR products obtained
\ with the primer combinations nirK1F-nirKSR and nirS1F-
=g s nirS6R from the It tiall d. A
BR|++ 4%ttt 0 pure cultures were partially sequenced.
R total of 425 bp of the amplified fragments from nirK were
sequenced; the amplified and sequenced regions for nirS were
H, & - between 774 and 792 bp long. Comparison to all sequences in
2B L L the EMBL database by using the FASTA program revealed
= that all sequences obtained were parts of the nirK or the nirS
e gene, respectively. The levels of homology of the fragments
PR ++ I HEE T compared to the sequences of the nirK and nirS genes from the
ZE EMBL database are summarized in Tables 4 and 5, respec-

tively. The calculations were done with the GAP program for

TABLE 3. Results of PCR amplifications with the different sets of primers for nirS*

kd f4 44 E% Cl1 'éhe n(;lcleic acid zimilarlity and the TREE program for the de-
= uced amino acid similarity.
. Amplification of nitrite reductase genes from environmental
[{=HY L
= samples. The development of a system of generally amplifying
=.8 . . . . i e
5% Aot ) primer combinations for each gene permitted the qualitative
A 8 detection of denitrifying bacteria in environmental samples.
. g8 For these experiments, nirK1F-nirK5R or nirS1F-nirS6R were
g ERS applied to total DNA preparations from an enrichment culture
m as e . . .
- o & 23 for denitrifying methylotrophic bacteria, from activated sludge,
g E z £ E z from the water of Lake Kleiner Ploner See, and Lake Plussee,
5 Zx é’{g ER and from sediment of Lake Kleiner Ploner See. For nirK, a
s ZZ D2 <3 2 weak product of the expected size (514 bp), as well as a smear
8 238 53 2383 of nonspecific products, was obtained from the DNA prepara-
g D% éé‘ g g3 tions from the water of Lake Kleiner Ploner See and Lake
3 R B O‘E g Plussee and from sediment of Lake Kleiner Ploner See. The
=5 2 s8s898s <2C sZE2s £°5 weak band of 514 bp was extracted and reamplified at anneal-
B © REREEZERE "SR | 287 ing temperatures of 65 to 60°C by applying the same primer
2 "2 8 combination. As a result, distinct bands of 514 bp were ob-
= H 9 g g'g tained (Fig. 2, lanes 2 to 6). For nirS, products of the expected
z gz 0 mg - 8 9; 2% 2 size (about 890 bp) were generated (Fig. 3, lanes 2 to 6). The
< s2zZ8@ o 5 g =z 258 sizes of the products obtained from the environmental samples
z 88 s 85@ o @ E é«% g were the same as those of the positive controls for nirK of
a8 E; A8 s ; Z0 5z |gs E 23 Alcaligenes xylosogcidans (Fig. 2, lane 7) and for nirS of Pseudo-
< S Py 52 A8 97 s8g SEEy monas stutzeri (Fig. 3, lane 7).
| S $35% SgTa g s 3 3 £22 B Hybridization analysis with probes for nirK and nirS. To
Z 8€ ZES85iEMS gS_|2€sExaEE confirm the specificity of these amplified nirK and nirS frag-
b2 e :;N§:;§“g§8 :; ESs2x firm the specificity of th plified nirK and nirS frag
§ $ S52:os %% Y S8 E9% BT § 3 ments, hybridization experiments were performed. The DIG-
~ ~ oy . . .
s Sz55bo¥sy 38Z (2% ®o2s labelled PCR product from Alcaligenes xylosoxidans (nirK), ob-
55 IS 5 SE 3 £ 3 i E % ge e E = tained with the primer combination nirK1F-nirK5SR, and from
ST TEIYSTESS sBf (T sardzz Pseudomonas stutzeri (nirS), obtained with the primer combi-
ST ISLLET AR AR nation nirS1F-nirS6R, were used as probes. All the amplified
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TABLE 4. Nucleic acid and amino acid similarities of nirK gene fragments from denitrifying bacteria
Organism % Similarity” to:
(EMBL accession no.) 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15

1. Alcaligenes faecalis S-6 (D13155) 844 0645 787 624 794 660 674 667 823 844 844 688 1000 71.6

2. Achromobacter cycloclastes (Z48635) 79.8 638 80.8 674 780 688 695 674 816 80.8 808 688 844 695

3. Pseudomonas aureofaciens (Z21945) 673 68.7 652 660 652 823 808 787 681 631 631 709 0645 0681

4. Pseudomonas sp. strain G-179 (M97294) 755 78.6 675 652 76.6 66.7 688 667 816 80.1 801 645 787 723

5. Rhodobacter sphaeroides 2.4.3 (U62291) 673 725 715 685 66.7 702 702 681 681 645 645 830 624 068.1

6. Rhizobium “hedysari” HCNT1 (U65658) 746 732 647 739 663 66.7 66.7 66.0 816 80.1 801 674 794 738

7. Alcaligenes xylosoxidans NCIMB 11015 (AJ224905) 68.0 748 809 70.1 758 66.6 957 922 695 652 652 730 660 695

8. Alcaligenes xylosoxidans subsp. denitrificans DSM 30026  69.6 73.9 772 70.1 755 656 91.3 950 71.6 674 674 730 674 71.6

(AJ224904)

9. Alcaligenes sp. strain DSM 30128 (AJ224903) 687 734 793 682 751 656 899 899 709 667 667 709 66.7 71.6
10. Hyphomicrobium zavarzinii IFAM-622T (AJ224902) 769 798 68.7 765 70.6 739 70.6 708 69.9 851 8.1 702 83 71.6
11. Rhizobium meliloti 20115 783 809 66.8 762 717 758 73.6 725 727 814 100.0 68.1 844 723
12. Rhizobium meliloti Rm1021 (AJ224909) 783 809 66.8 762 71.7 758 73.6 725 727 814 100.0 68.1 844 723
13. Rhodobacter sphaeroides f. sp. denitrificans (AJ224908) 685 722 734 680 847 678 765 753 736 70.6 735 735 68.8 67.4
14. Ochrobactrum anthropi LMG 2136 (AJ2249057) 99.5 80.0 675 758 675 746 682 699 687 774 781 781 685 71.6
15. Blastobacter denitrificans IFAM 1005 (AJ224906) 732 736 703 703 703 687 760 767 746 746 741 741 706 734

“ Values in the upper right are levels of amino acid similarity, and those in the lower left are levels of nucleic acid similarity. Values are calculated from data obtained
from the EMBL nucleotide sequence database by using the GAP program for the similarity of nucleic acids and by using the TREE program for the similarity of

deduced amino acids.

fragments hybridized, and the products of the positive controls
reacted with the specific probe (Fig. 2 and 3). Previous results
had shown that the probes did not hybridize with negative
controls (PCR without template), with nonspecific PCR prod-
ucts, or nonlabelled DNA standard (data not shown).

DISCUSSION

The genetic diversity of denitrifying bacteria in environmen-
tal samples can be investigated by different molecular methods.
We describe herein the first steps required to detect denitrify-
ing bacteria in aquatic habitats by the use of two distinct PCR
systems for the nitrite reductase genes, nirK and nirS. Since
denitrifiers are not defined by close phylogenetic relationship,
an approach involving 16S rRNA molecules is not suitable for
general detection of this physiological group in the environ-
ment. The use of rRNA-targeted probes has been successfully
applied so far only for strains and specific groups to explore the
denitrifying community of activated sludge (18).

A more general approach to the detection of all denitrifying
bacteria in environmental samples could be the use of a phys-
iological gene or of an enzyme as a molecular marker. For this

purpose, nitrite reductase and its genes have been used by
several authors, since this is the key enzyme in the denitrifica-
tion process. Antisera against the dissimilatory nitrite reduc-
tase (dNir) from Pseudomonas stutzeri ATCC 14405 were
highly specific and reacted with the immunizing strain and few
other closely related bacteria (14, 29). Less specific reactions
could be obtained with combinations of antisera against heme-
type dNirs from P. stutzeri IM300 and P. aeruginosa (4). When
a variety of approximately 150 denitrifying strains of unchar-
acterized dNir type were screened with this combination and
an antiserum against Cu dNir from Alcaligenes cycloclastes,
90% of the strains could be identified as possessing either the
heme-type or Cu dNir (4). Due to the inducible nature of the
enzyme, antisera could be useful in detecting conditions of
active denitrification (29). In contrast, approaches targeting
the nirK or nirS gene would detect the denitrifiers irrespective
of the denitrifying conditions. Compared to the antisera, a
broader response to different pure cultures possessing the nirS
gene was achieved by use of the specific gene probes (15, 24).
By using hybridization with a gene probe for nirK, this type of
nitrite reductase could be always confirmed in pure cultures
(32). In enrichment cultures, different populations of denitri-

TABLE 5. Nucleic acid and amino acid similarities of nirS gene fragments from denitrifying bacteria

% Similarity” to:

Organism

(EMBL accession no.) 1 2 3 4 5 6 7 8 9 10 11 12 13
1. Pseudomonas stutzeri JM300 (M80653) 93.5 55.5 539 531 584 584 55.5 539 874 719 49.6 870
2. Pseudomonas stutzeri ZoBell (X56813) 92.6 57.8 56.6 562 619 619 578 56.6 924 732 516 924
3. Pseudomonas aeruginosa (X16452) 673 672 673 685 70.7 70.7  100.0 673 562 605 61.1 559
4. Paracoccus denitrificans Pd1222 (U05002) 66.1  66.1 72.1 97.7 64.4 64.4 67.3 100.0 547 590 720 551
5. Paracoccus denitrificans LMD29.63 (U75413) 645 643 71.6 94.9 64.4 64.4 68.5 97.7 543 594 728 547
6. Alcaligenes eutrophus H16 (X91341) 69.7 708 76.0 732 715 100.0 70.7 644 60.7 646 625 603
7. Alcaligenes eutrophus DSM 530 69.7 708 760 732 715  100.0 70.7 644 607 646 625 603
8. Pseudomonas aeruginosa DSM 6195 67.3 672 100.0 721 71.6 76.0  76.0 673 562 605 61.1 559
9. Paracoccus denitrificans ATCC 19367 66.1  66.1 72.1  100.0 94.9 73.2 73.2 72.1 547 590 729 551
10. Alcaligenes faecalis A15 (AJ224913) 875 89.4 68.5 674 658 71.8 71.8 68.5 67.4 729 496 973
11. Azospirillum brasilense Sp7 DSM 1690 (AJ224912) 723  72.6 68.6 68.2 668 71.9 71.9 68.6 68.2 727 57.0 729
12. Roseobacter denitrificans ATCC 339427 (AJ224911) 595 618 642 742 737 66.9 66.9 642 742 611 639 49.6

13. Denitrifying isolate IFAM 3698 (AJ224910) 86.1 89.4 682 671 66.0 70.8 70.8 682 671 944 749 613

“ Values in the upper right are levels or amino acid similarity, and those in the lower left are levels or nucleic acid similarity. Values are calculated from data obtained
from the EMBL nucleotide database by using the GAP program for the similarity of nucleic acids and by using the TREE program for the similarity of the deduced
amino acids.
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FIG. 2. Southern blot hybridization of nirK fragments obtained from envi-
ronmental samples with the primer combination nirK1F-nirK5R to the digoxi-
genin-labeled fragment from Alcaligenes xylosoxidans. Lanes: 1 and 8, digoxige-
nin-labeled DNA size standard VII (Boehringer); 2, sediment from Lake Kleiner
Ploner See (5 ul of PCR product), 3, water from Lake Plussee (7 wl); 4, water
from Lake Kleiner Ploner See (7 wl); 5, activated sludge from the sewage
treatment plant at Plon (10 wl); 6, enrichment culture for denitrifying methyl-
otrophic bacteria (12 pl); 7, A. xylosoxidans positive control (5 wl).

fiers could be detected by restriction enzyme-digested prepa-
rations (HindIII) of total DNA with a probe for nir§ (23).
PCR amplification systems, on the other hand, are limited
neither to actively denitrifying cells nor to cultivated strains.
Application to pure cultures of a primer pair derived from
three nirS sequences flanking a conserved central region of the
nirS gene revealed a reactivity broader than that with the use of
antisera but not as satisfactory as that with the use of gene
probes (30). A strain-specific reaction such as that obtained
with the use of antisera was not achieved, although amplifica-
tion failed with some nirS-containing strains as detected by
hybridization. This may be because for PCR amplification only
the homology of the primer hybridization region is decisive
whereas hybridization of gene probes can be detected if any
region of the probe shows sufficient homology. In the present
study, a PCR system based on six sequences each for nirK or
nir§ available from the database promised an even more gen-
eral approach. Regions that are conserved for both genes could
not be found, because the enzymes are structurally different.
When the sequences for each of the genes were aligned
separately, conserved regions for each became evident. De-
generated primers that flanked regions at the more highly
conserved C terminus of the two genes were designed. Primers
were not positioned within the nirS region that codes for heme
binding, because this is homologous to highly conserved re-
gions in other heme-binding proteins (11). By using different
combinations of primers and low-temperature stringency con-
ditions in the PCR assays, amplification of nir fragments from
both genes was possible for all denitrifying strains tested. The
specificity of the PCR procedure was confirmed, since specific
products were not obtained when the primer combinations
were used with nondenitrifying strains that could perform as-
similatory respiration of NO; ™ or with strains possessing the
gene coding for the other nir type. This is consistent with the
finding that the two genes are mutually exclusive in a given
strain (4). Combinations containing nirK4R or those contain-
ing nirSS5R resulted in the smallest number of specific prod-
ucts; this may be due to the degree of conservation in the
region where the primer should hybridize. From every pure
culture tested, at least two different primer combinations were
applied successfully for nirK and at least three were applied
successfully for nirS. The specificity of amplifications was con-
firmed by sequencing the largest products. Generally, sequenc-
ing revealed that the products from the pure cultures with the
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primer pairs nirK1F-nirK5R and nirS1F-nirS6R were specific
fragments of the genes coding for copper-containing and cy-
tochrome cd;-containing nitrite reductase, respectively. Calcu-
lation of the homology revealed that with these primer pairs,
PCR products could be obtained from genes showing homol-
ogy as low as 65.5% for nirK and 59.5% for nirS to the se-
quences available for the design of the primers. This indicates
that these PCR systems could be reasonable means for a more
general detection of denitrifying bacteria.

The fragments of nirS investigated here were more hetero-
geneous than were those of nirK. In-frame deletions or inser-
tions of up to 18 bp could be observed within the sequenced
region of nirS. Since these results are not in agreement with the
findings that the Cu dNirs were more heterogeneous than the
cd, dNirs (4), the different molecular weights of the Cu dNir
subunits may be a result of processing of the enzyme.

The degrees of conservation of the nir genes are very vari-
able. The nirK fragments from eight strains of Ochrobactrum
anthropi were 98.8 to 100.0% homologous (data not shown).
On the other hand, the sequence of the fragment from two of
these strains was 100% homologous to that of the same frag-
ment from Alcaligenes faecalis S-6 (data not shown). However,
both types of nir genes are distributed among closely related
Pseudomonas (RNA group I [35]) and Alcaligenes (4) species.
Even among strains of Alcaligenes faecalis, both types could be
detected. The distribution of nir genes among denitrifying bac-
teria could be explained in different ways. The occurrence of
the same nir type among phylogenetically different groups (34)
might be caused by a common denitrifying ancestor. During
evolution, the ability to denitrify may have been lost in some
branches, resulting in closely related nondenitrifying and deni-
trifying strains (2). The occurrence of different nir types among
the same species could be an indication of a horizontal gene
transfer (4).

The PCR systems for the nirK and the nirS genes for nitrite
reductase, using one generally amplifying primer combination
for each nir gene, could be applied successfully to detect pop-
ulations of denitrifying bacteria in aquatic systems. Due to
higher cell densities, detection of such populations from soils
by using these PCR systems should be possible as well.

nirS fragments could be amplified directly from DNA prep-
arations of environmental samples, whereas for nirK a ream-
plification step was necessary when total DNA from water or

FIG. 3. Southern blot hybridization of nirS fragments obtained from envi-
ronmental samples with the primer combination nirSIF-nirS6R to the digoxige-
nin-labeled fragment from Pseudomonas stutzeri ZoBell. Lanes: 1 and 8, digoxi-
genin-labeled DNA size standard VII (Boehringer); 2, sediment from Lake
Kleiner Ploner See (15 wl), 3, water from Lake Plussee (12 pl); 4, water from
Lake Kleiner Ploner See (20 wl); 5, activated sludge from the sewage treatment
plant at Plon (10 pl); 6, enrichment culture for denitrifying methylotrophic
bacteria (20 wl); 7, P. stutzeri ZoBell positive control (1 pl).
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sediment of lakes was the target for amplification. This might
be in agreement with a numerical preponderance of heme type
nitrite reductase, as reported for the distribution of nir types in
numerically dominant isolates from soils (4). Further investi-
gations will be necessary to determine the abundance of nirk
and nir§ type denitrifiers and to obtain more information on
the genetic diversity of denitrifying bacteria in the environ-
ment.
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