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Abstract Sequence divergence in the ribosomal genes of
known strains and isolates of aquatic denitrifying bacteria
was investigated using restriction fragment length poly-
morphism (RFLP) analysis. The same cultures were char-
acterized for their homology with antibody and gene
probes for nitrite reductase (NiR), a key enzyme in the
denitrification pathway, and for amplification with a set of
polymerase chain reaction primers designed to amplify a
portion of the NiR gene. The NiR probes were developed
from Pseudomonas stutzeri (ATCC 14405) and several P.
stutzeri strains were included in the analyses. The RFLP
analysis clustered most of the P. stuszeri strains together,
but detected considerable diversity within this group. Iso-
lates from three aquatic environments exhibited within —
and among — habitat diversity by RFLP. Hybridization with
the NiR probes and amplification with the NiR primers
were not correlated with the clustering of strains by tDNA
RFLP analysis. The relationships among strains deduced
from ribosomal DNA RFLP reflect heterogeneity within
the P. stutzeri group and among other pseudomonads, and
the patterns differ from those inferred from specificity of
the NiR probes.

Key words Denitrifying bacteria - Nitrite reductase
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Abbreviations NiR Nitrite reductase - PCR polymerase
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Introduction

Denitrification is the major loss term for fixed nitrogen in
the environment and is therefore important in nitrogen
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budgets on ecosystem to global scales. In respiratory de-
nitrification, nitrogen oxides are reduced in stepwise fash-
ion from nitrate through nitrite, nitric oxide, nitrous oxide
to dinitrogen. Each enzyme in the sequential reduction
from nitrate to dinitrogen exhibits some degree of oxygen
sensitivity and inducibility, and some organisms do not
possess the complete pathway. The key step in the process
is the reduction of nitrite to nitric oxide, which results in
the release of gaseous products. The ability to respire ni-
trate to nitrite is quite widespread in the bacterial king-
doms, but the ability to respire nitrite is somewhat more
restricted. Therefore, the enzyme that mediates this reac-
tion, nitrite reductase, has been the focus of physiological
and biochemical studies on denitrification.

Bacteria capable of denitrification are easily isolated
from aquatic, sediment, and soil environments. Using
phenotypic characters, Gamble et al. (1977) identified
Pseudomonas as the most common denitrifying genus iso-
lated from terrestrial environments. Baumann et al. (1972)
characterized aerobic eubacteria isolated from seawater
and revealed that Pseudomonas was also a commonly iso-
lated genus in the marine environment. The ability to den-
itrify, however, is present in phylogenetically diverse
groups of eubacteria (Woese 1987). While they share as-
pects of the basic pathway, the pathway itself is really a
collection of somewhat independent processes (Zumft
1992). The genetics and regulation of the pathways differ
widely among denitrifying strains, but key enzymes ap-
pear to be somewhat conserved. Two forms of nitrite re-
ductase are common in denitrifiers (strains generally have
one or the other, not both), and each is conserved across a
range of denitrifying bacteria (Bryan 1981). Nitrite reduc-
tase (NiR) is therefore a prime candidate for development
of functional probes for the identification and quantifica-
tion of bacteria capable of denitrification, regardless of
the genus or species affiliation of the bacteria.

In addition to the identification or classification of bac-
terial strains, immunological assays for NiR could be use-
ful in ecological studies. Enrichment and isolation studies
have shown that the genetic ability for denitrification is
widespread, but the expression of the inducible pathway
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depends on environmental conditions. Thus, detection of
the protein in natural samples would indicate that condi-
tions that induce denitrification were present at the time of
sampling. This would be useful for studying environmen-
tal regulation and the flux of nitrogen due to denitrifica-
tion in the environment.

Both immunological (Korner et al. 1987; Coyne et al.
1991; Ward et al. 1993) and DNA probes (Smith and
Tiedje 1992; Ward et al. 1993) have been developed to in-
vestigate nitrite reductase in bacteria. Korner et al. (1987)
and Ward et al. (1993) reported that an antiserum pro-
duced against NiR (heme cd; type) purified from P.
stutzeri (ATCC 14405) was essentially strain-specific for
P. stutzeri, cross-reacting with some other strains of P.
stutzeri but not with all P. stutzeri strains tested. Coyne et
al. (1989) produced antisera for the heme cd; NiRs puri-
fied from a different strain of P. stuizeri (JM300), and
from P. aeruginosa. The P. aeruginosa antiserum reacted
with denitrifiers in other genera as well as with other
Pseudomonas species, including P. stutzeri and P. fluo-
rescens, while the P. stutzeri antiserum apparently did not
react with P. aeruginosa. Even proteins purified from dif-
ferent strains, but of very similar size and composition
and with demonstrable in vivo and in vitro nitrite reduc-
tion capability, were immunologically distinct (Ward et al.
1993). The immunological characterizations implied that
even a conserved key enzyme such as NiR might not be
useful as a general probe for the identification of the func-
tionally defined group of denitrifying bacteria.

DNA probes for fragments including portions of the
NiR structural gene detected homology in a wider selec-
tion of denitrifying strains than did antibody probes
(Smith and Tiedje 1992; Ward et al. 1993). The unusual
antigenic behavior of the NiR protein remains to be re-
solved, but even the DNA homologies implied relatively
great variability in phyenotypically related strains. Instead
of providing general probes for the identification of func-
tional groups of bacteria, the DNA and antibody probes
implied large variability within those groups. To reconcile
the contradictions raised by the immunological and mole-
cular data for nitrite reductase with the characterization
of strains as closely related Pseudomonas species and
strains, a study of the genetic diversity of culturable
aquatic denitrifying bacteria based on variability of their
ribosomal RNA genes, measured by restriction fragment
length polymorphism (RFLP) analysis, was undertaken.
Ribosomal RNA sequence information is a very powerful
discriminant for bacterial phylogeny, and its use has im-
posed order on hitherto chaotic bacterial classifications
(Woese 1987). Short of complete phylogenetic analysis,
RFLP analysis of ribosomal genes can provide a basis for
identification of groups within bacterial genera or species.
Unlike genes encoding functional inducible enzymes such
as nitrite reductase, the ribosomal genes are assumed to be
stable. Thus, similarity patterns among ribosomal genes
and other less stable genes might be expected to differ. In
this paper, the similarity among denitrifying strains as es-
timated from RFLP of ribosomal genes is compared with
that inferred from antibody and DNA homology studies of

the NiR enzyme and gene. A simple polymerase chain re-
action (PCR) assay is also used to differentiate strains ac-
cording to homology of the NiR gene. The different meth-
ods exhibit different degrees of specificity and sensitivity
and allow the comparison of interpretations derived from
ribosomal relationships with those derived from the func-
tional gene.

Previous research on denitrification enzymes has focused
on denitrifiers classified in the genus Pseudomonas be-
cause the isolation studies cited above had identified Pseudo-
monas as a numerically important culturable genus in
aquatic and sediment environments. Because most of our
present knowledge about the biochemistry and regulation
of the inducible denitrification pathway is based on pseudo-
monads, it is useful to investigate to what extent this
knowledge is applicable to marine denitrifying bacteria
whose phylogenetic affiliations are unknown. This study
therefore included known denitrifying strains and recent
isolates from marine, sediment, and lake environments.
The present analysis is limited to experiments with cultur-
able strains. This is a limitation in that we cannot estimate
the extent to which the culturable strains represent the nat-
ural assemblage of denitrifiers. Evidence is presented,
however, that even strains isolated using identical enrich-
ment methods may represent considerable diversity of de-
nitrifiers from seawater and other aquatic environments.

Materials and methods

Strains and isolates

Pseudomonas stutzeri (PST14405) was obtained from the ATCC
and used as our primary strain throughout the investigation. It was
maintained in CP medium (Carlucci and Pramer 1957) containing
1-10 g peptone/l of aged natural seawater. Several other strains
were purchased from ATCC (Table 1) and maintained in LB
medium (5 g yeast extract, 10 g trypione, 10 g NaCl at pH 7 per
liter distilied water). All strains were stored in 15 % glycerol at
—70°C. P. stutzeri strains are referred to by the abbreviations used
in Table 1.

For isolation of denitrifying strains from seawater and sedi-
ment, we used two standard enrichment media containing nitrate
plus either a complex carbon source (i.e., peptone: CP medium
amended with 1 mM KNOs) or succinate (per liter of aged seawa-
ter: 10 g KNO,, 0.05 g K,HPO,, 0.2 g MgSO, 7TH,0, 0.1 g CaCl,
2H,0, 4 g Na succinate, 1 ml trace metals solution (Biebl and Pfen-
nig 1978)). Samples of seawater (1 ml) or sediment (approxi-
mately 1 g) were inoculated into 10 ml of enrichment medium in
screw-cap tubes containing inverted Durham tubes. Following
growth, isolates were streaked to purity on CP plates. In order to
encourage the growth of strains adapted to the natural environ-
ment, enrichments were maintained as closely as possible to the
original ambient temperature until pure cultures were obtained
(14-15°C for the Tomales Bay and SCB (Southern California
Bight) isolates; 4°C for the Antarctic isolate). The isolates were
then frozen until required for experiments. Subsequent growth of
isolates for DNA extractions or screening took place at higher tem-
peratures in order to obtain more rapid growth (approximately 25°
C except for the Antarctic isolate, ELB17, which was grown at 12°
C). Ability of isolates to denitrify was ascertained by sequential
growth in CP medium on oxygen, then nitrate, then nitrite as elec-
tron acceptors. Ability to grow on NO; (0.01 to 0.25% w/v) and
detection of N,O (by electron capture detection gas chromatogra-
phy; see below) in the growth vessel were taken as evidence of
ability to denitrify completely to nitrogen gas.



Table 1 List of strains and
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results of assays for nitrite Strain PCR amplification NiR ab NiR DNA Source?
reductase homology (PCR am-  (abbreviation) ——————— reaction hybridization
plification EUB amplification EUB NiR
with eubacterial universal . ]
primers, PCR amplification Denitrifying strains
NiR amplification with NiR Pseudomonas stutzeri + + + + a
primers, NiR ab reaction de- ATCC 14405 (PST14405)
tection of 66 kDa subunit with ~ MK202 (MK202) + + + + b
NIRI antiserum m Vl‘{eswm_ blot  p sruszeri ATCC 11607 (PST11607) + + + + a
analysis of total cell protein 4, "o, ATCC 17588 (PST17588) + + + + a
from anaerobically grown ]
cells, NiR DNA hybridization P. stutzeri IM300 (PSTIM300) + + + + c
detection of hybridization with ~ P. aureofaciens ATCC 13985 (PAUREF)  + - - - d
721 bp NiR probe at 65°C in P. denitrificans ATCC 13867 (PDENIT) + + - + d
slot blot; of total genomic P. atlantica (PATL) + + _ _ e
preparation) P. fluorescens ATCC 33512 (PELUOR)  + - - + a

P. aeruginosa (PAER) + + - + e

Alcaligenes faecalis ATCC 8750 + - - + d

(ALFAEC)
Paracoccus denitrificans ATCC 19367 + - - - d
(PARDENIT)

Thiosphaera pantotropha (THPANT) + - - - d

Non-denitrifying comparison strain

E. coli LE392 (ECOLI) + - - —

Isolates from bottom water in Southern California Bight

SCB-4 + - - + f
2a, ATCC; b, W. G. Zumft, SCB-6 + - - + f
Lehrstuhl fiir Mikrobiologie, SCB-14 + _ — ~ f
Universitét Karlsruhe, Karls- SCB-16 ¥ _ _ + £
ruhe, Germany; ¢, G. J. Stewart, SCB-18 + 3 B B P
Department of Biology, Uni-
versity of South Florida, SCB-20 + + - + f
I:gp%gzﬁggrﬁ ;o%];)ié)l(s)ags;lg_ Isolates from intertidal sediments in Tomales Bay
Loylola University, Chicago, TBD-8B + _ + + g
AL T A
Oceano’graphy, University of TBD-8Q + N - + g
California at San Diego, La TBD-8H + - + + g
Jolla, Calif., USA; f, sedi- TBD-81 + - + + g
ment/water interface, 90_0 m, TBD-8M + _ _ + g
Santa Monica Basin; g, inter- TBD-8W + - + + g
tidal sediments, Tomales Bay,
California; h, water column, Isolate from Lake Bonney, Antarctica
permanently ice covered lake, ELB 17 . B _ N .

Antarctica

Denitrifying strains from an intertidal marine sediment were
obtained from Tomales Bay, California, a fault line inlet north of
San Francisco. Samples were collected by syringe core from an
area of mudflat/cyanobacterial mat near the seaward end of the
bay. To investigate the diversity of isolates that could be obtained
from a single enrichment sample from Tomales Bay microbial
mats, inocula of the original enrichment (after 10 days’ incubation
in the enrichment tube) were spread onto CP plates containing 1
mM NO;~ and incubated in a nitrogen atmosphere at the original
ambient temperature of the mat (15°C). Twenty-five individual
colonies from the spread plates were picked and transferred to
multiwell plates containing CP-NO;~ medium and allowed to grow
under a nitrogen atmosphere. Small cores from the individual
wells were removed with a Pasteur pipette and assayed for the
presence of nitrite using the colorimetric assay of Bendschneider
and Robinson (1952). When nitrite was detected, the colonies were
streaked to purity by 3 passes on CP-NO;~ plates. Pure isolates
were transferred to gas-tight tubes containing liquid CP medium
including 0.01 to 0.25% NO; and monitored for growth and gas

production. Presence of nitrous oxide in the headspace of the tube
was verified by gas chromatography.

Marine isolates were obtained from sediment collected by box
core from approximately 900 m depth in the Santa Monica Basin,
a partially enclosed basin in the California borderland. A single
strain was obtained from each sample, but all isolates originated in
bottom sediments at the same station location. The Antarctic lake
sample was obtained by Niskin bottle sampling through a hole in
the 4-m-thick surface ice from Lake Bonney, a permanently ice-
covered lake in the Taylor Valley, Antarctica.

Restriction fragment length polymorphism (RFLP) analysis

The plasmid pNO1301, containing the rrnb gene (one of the ribo-
somal RNA operons) from Escherichia coli, is a derivative of
the plasmid pKK3535 (Brosius et al. 1981) and was a gift from
Dr. Richard Gourse (University of Georgia). It was purified from
400-ml cultures of E. coli LE392 following standard protocols
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(Ausubel et al. 1987). The 3.5 kb Sacll fragment was purified after
digestion with Sacll by gene cleaning (Bio 101, San Diego, Calif.,
USA) the fragment from 1.75% low melting point agarose gels
electrophoresed at 80 V for 2 h. The fragment was labelled by ran-
dom priming with digoxygenin using the Genius (Boehringer Mann-
heim, Mannheim, Germany) protocol, purified from unincorporated
nucleotides by gene cleaning (Bio 101) and stored at —20°C.

Genomic DNA was isolated from bacterial cultures following
standard protocols (Ausubel et al. 1987). DNA concentration was
estimated by absorption at 260 nm. Genomic DNA was digested
with six restriction enzymes (Hindlll, EcoRI1, Bgll, Sacll, Sau3A,
Haelll) according to the protocols recommended by the manufac-
turer (Boehringer Mannheim). Digested DNA was electrophoresed
at 80 V for 2 h in a Hoeffer mini-gel apparatus and transferred to
Nytran (Schleicher and Schuell, Keene, NH, USA) or Immobilon
P (Millipore, Marlborough, Mass., USA) membranes by Southern
blotting (Southern 1975). Blots were hybridized to the labelled 3.5
kb Sacll pNO1301 fragment in 5-7 ml hybridization solution
(0.3% SDS, 5xSSC (20xSSC = 175 g NaCl and 88 g Na-citrate
1), 3% powdered milk, 0.5 mg ml™! sheared salmon sperm DNA)
overnight at 65°C. Blots were washed and developed according to
the Genius protocol using a colorimetric substrate for alkaline phos-
phatase.

Sizes of labelled fragments were determined by comparison
with either HindIll digested lambda DNA or the 1 kb ladder
(Bethesda Research Laboratories, GIBCO BRL, Gaithersburg, Md.,
USA) using linear regression. In order to assure comparability
among replicate blots, a digest of P. stutzeri (ATCC 14405) was
included in every set of blots. Each digest was repeated and ana-
lyzed by hybridization 3—4 times to reduce error and to provide an
estimate of experimental variability among blots. Each digest usu-
ally produced 4-8 fragments (except Sacll), indicating the pres-

Table 2 Estimates of genetic distances from RFLP band patterns.
Lower half: Number of bands used in calculation of similarity in-
dex (F), leading to calculation of d. The number of restriction frag-
ments shared by pairs of isolates (before the slash) and the number

ence of several rIRNA operons. More fragments were generally
obtained with the 4 bp restriction enzymes, but the uncertainty in-
creased with larger numbers of smaller fragments (i.e., small bands
were not always reproducibly detected on the blots). The smallest
fragment size reproducibly detected was 300 bp. Similarity in-
dices based on the number of fragments of the same size that were
shared between strains were computed using the equation F' =
2n,/(n, + n,) (Nei and Li 1979) where n, is the total number of
fragments in one strain, x, the number of fragments in the second
strain and #,, the number of fragments appearing in both strains.
Pairwise similarity indices were computed from the total number
of bands from all digests observed for each isolate. The restriction
sites were not mapped, so the possibility of overlapping fragments
or sequernce variation outside the rDNA gene has not been dis-
counted. An estimate of the genetic distance (d, substitutions per
site) was obtained from F as described by Navarro et al. (1992).
When zero common bands were observed, d equals 1.0. Genetic
distance values were used in a cluster analysis (SYSTAT; Buclidean
distance, average linkage) to detect groupings among the entire suite
of strains and isolates.

PCR amplification of NiR fragment

Using PCR primers previously described (Ward et al. 1993),
strains and isolates were screened for amplification of a 721 bp re-
gion homologous with the NiR gene. The primers were designed to
amplify a central region of the structural gene for nitrite reductase
from P. sturzeri (PST14405) (Jungst et al. 1991) that was reported
to be highly homologous with NiR from P. aeruginosa (Sylvestrini
et al. 1989) and P. sturzeri PSTIM300 (Smith and Tiedje 1992).
The fragment represents the section between 628 and 1349 bp

of total fragments observed for the two isolates in each pair (after
the slash). Upper half: Genetic distances (d, substitutions per site)
for each pairwise strain comparison (calculated as described by
Navarro et al. 1992). F (the fraction of shared fragments) = 2n,,/

PST14405 MK202 PSTIM300 PST11607 PST17588 PFLUOR PDENIT PAUREF PATL PAER  THPANT ECOLI

PST14405 0.021 0.136 0.121 0.084 0.127 0.105 0.107 0207 0.124 0.144 0.116
MK202 32/41 0.139 0.102 0.057 0.090 0.108 0.071 1.000 0.094  0.147 0.188
PSTIM300  10/46 14/47 0.117 0.097 0.110 0.122 0.161 0.181  0.191  0.159 0.242
PST11607 8/30 10/31 6/34 0.085 0.122 0.091 0.146 1.000  0.117  0.142 0.200
PST17588  16/41 22/42  16/45 12/31 1.000 0.108 0.071 1.000  0.082 0.124 0.159
PFLUOR 12/48 18/49  16/52 10/38 24/49 0.109  0.059 0228 0.110 0.141 0.174
PDENIT 10/32 10/33  10/36 8/22 10/33 12/40 0.124 0252 0.152 0.099 0.136
PAUREF 12/39 18/40 8/43 6/29 18/40 24/47 8/31 0.204 0.066 0.119 0.154
PATL 4/35 0/36 6/39 0/25 0/36 4/43 2/27 4/34 0.277  0.200 0.173
PAER 10/39 14/40 6/43 8/29 16/40 14/47 6/31  18/38 2/34 0.119 0.226
THPANT 8/38 8/39 8/42 6/28 10/39 10/46 10/30  10/37 4/33  10/37 0.152
ECOLI 12/43 6/44 4/47 4/33 &/44 8/51 8/35 8/42 6/38 4/42 8/41

PARDENIT  4/31 4/32 6/35 0/21 6/32 4/39 4/23 4/30 6/26 2/30 8/29 4/34
SCB4 16/34 12/35 4/38 6/24 10/35 10/42 8/26  10/33 2/29 6/33 4/32 8/37
SCB6 14/31 12/32 4/35 6/24 10/32 10/39 8/23  10/30 0/26 6/30 4/29 4/34
SCB14 14/45 14/46 8/49 4/35 12/46 18/53 4/37  12/44 4/40 8/44 8/43 12/48
SCB18 10/41 4/42 2/45 2/31 4/42 8/49 4/33  10/40 12/36 4/40 6/39 12/44
SCB20 10/42 4/43 8/46 4/32 4/43 8/50 8/34 6/41 10/37 6/41  12/40 10/45
TBD 8B 2/37 4/38 6/41 2/27 8/38 6/45 2/29 6/36 6/32 4/36 6/35 6/40
TBD 8H 2/40 4/41 8/44 0/30 6/41 4/48 2/32 8/39 6/35 6/39 6/38 6/43
TBD 8M 6/33 4/34 2/37 2/23 4/34 4/41 0725 4/32 6/28 0/32 2/31 10/36
TBD 8Q 2/35 4/36 6/39 2/25 6/36 6/43 0727 4/34 6/30 2/34 4/33 6/38
TBD 8W 0/36 2/37 4/40 0/26 4/37 2/44 0/28 2/35 6/31 2/35 4/34 6/39
ELB 17 2/34 0/35 0/38 2/24 2/35 4/42 2/26 2/33 2/29 2/33 4/32 2/37




from the N terminus of the gene sequence in P. stutzeri (PST14
405) (Jungst et al. 1991). We used Taq polymerase (Promega,
Madison, Wisc., USA) with the manufacturer’s buffer at a Mg™
concentration of 1.5 mM. Amplification (35 cycles of 1 min at 94°C,
1 min at 55°C, 2 min at 72°C) resulted in production of one ap-
proximately 700 bp fragment from P. stutzeri (PST14405).

Universal eubacterial tIRNA primers (Liesack et al. 1991) were
used as controls to verify the existence of amplifiable DNA in
all the genomic DNA extracts tested for amplification with the
NiR primers. These primers (5 positions 9-27 and 3” positions
1525-1542 in the E. coli sequence) amplified a region of approxi-
mately 1530 bp. Successful amplification with the eubacterial
primers was obtained for every DNA preparation.

Antibody and DNA probes for nitrite reductase

A polyclonal antiserum produced in rabbits by immunizing with
the purified nitrite reductase from Pseudomonas stutzeri (PST14
405) has been described previously (Ward et al. 1993). It was used
to test denitrifying strains and isolates for homology with the P.
stutzeri PST14405 NiR protein in Western blots of total cell
Iysates as previously described. Lysates were obtained from cells
grown under denitrifying conditions and denitrification was veri-
fied as described above. The antibody recognized a 66 kd subunit
in denaturing gels.

The DNA probe for a 721 bp fragment corresponding to a sec-
tion of the NiR structural gene has also been described (Ward et al.
1993). This probe was used to screen total genomic extracts of
denitrifying strains and isolates for homology using slot blots and
the Genius detection system (see above). Hybridization when
screening isolates was done at 65° C. Some of these data have been

(n, + n,) (Nei and Li 1979; see text). d = —(2/r) In (G), where r is the
number of bases in the restriction site and Gis the probability that
an original restriction site remains unchanged. G was computed
from 10 iterations of the formula G = {F(3 — 2G1)}% using G for
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presented previously (Ward et al. 1993), but are included here for
comparison with the RFLP data and PCR results.

Ancillary chemical measurements and sources of materials

Nitrite was assayed by the spectrophotometric method of Bend-
schneider and Robinson (1952) using a Hitachi double-beam spec-
trophotometer. Nitrous oxide was detected using a Shimadzu
Mini-2 gas chromatograph equipped with an electron capture de-
tector and a 2 m Poropak Q column run at an injection temperature
of 300°C and a column temperature of 45°C. Gas standards were
obtained from Scott Specialty Gases (San Bernardino, Calif.).

Results

The strains and isolates used in the analysis are listed in
Table 1. Of the 28 strains, 24 were included in the RFLP
analysis, while all 28 were screened with the antibody and
DNA probes. The genetic distance estimates derived from
the RFLP analysis for all pairwise comparisons are pre-
sented in Table 2. P. stutzeri PST14405 and MK202 were
very similar, reflecting the fact that MK202 is a mutant of
PST14405 (Komer et al. 1987). The other strains of P.
stutzeri, PST11607 and PST17588, have distances of
12.1 and 8.4% respectively, from P. stutzeri PST14405,
while PSTJM 300 is more distant at 13.6% from PST14

the first cycle as F 4 (Nei and Li 1979). Abbreviated strain names
are given in Table 1

PARDENIT SCB4 SCB6 SCB14 SCB18 SCB20 TBD 8B TBD 8H TBD 8M TBD 8Q TBD 8W ELB 17
0.194 0.066 0070  0.106 0.129 0.132 0.286 0.295 0.159 0.280 1.000  0.277 PST14405
0.197 0.09%  0.088 0.108 0.226 0.228 0215 0.223 0.204 0.209 0.286 1.000 MK202
0.170 0.221 0.212 0.174 0.312 0.168 0.186 0.163 0.292 0.181 0.226 1.000 PSTIM300
1.000 0.127 0.114 0.207 0.267 0.197 0.252 1.000 0.235 0.244 1.000  0.240 PST11607
0.156 0.114 0.105 0.123 0.226 0.228 0.144 0.181 0.204 0.168 0.212  0.280 PST17588
0.218 0.132 0.124 0.097 0.170 0.172 0.191 0.240 0.223 0.186 0.305 0.226 PFLUOR
0.163 0.107 0.095 0212 0.200 0.133 0.260 0.271 1.000 1.000 1.000  0.248 PDENIT
0.191 0.108 0.099 0.118 0.127 0.181 0.168 0.147 0.197 0.204 0.280  0.274 PAUREF
1.000 0.260 1.000 0.221 0.099 0.119 0.156 0.165 0.142 0.149 0.152 0.260 PATL
0.264 0.159 0.149 0.159 0.221 0.181 0.209 0.176 1.000 0.277 0280  0.274 PAER
0.117 0.197 0.187 0.156 0.176 0.109 0.165 0.173 0.267 0.200 0.204  0.197 THPANT
0.204 0.141 0.204 0.127 0.118 0.139 0.178 0.186 0.117 0.173 0.176 0.286 ECOLI
0.244 0.231 0.283 1.000  0.274 0.256 0.267 1.000 1.000 1.000 1.000 PARDENIT
2/25 0.011 0.176 0.136 0.283 0.194 0.204 0.139 0.146 0.191 1.000 SCB4
2/22 22/35 0.209 0.197 1.000 0.256 0.267 0.168 0.176 0.252 1.000 SCB6
2/36 6/39 4/36 0.108 0.125 0.226 0.233 0.144 0.221 0.298 1.000 SCB14
6/32 8/35 4/32 14/46 0.116 0.144 0.129 0.093 0.168 0.170 0.280 SCBI18
2/33 2/36 0/33 12/47 12/43 0.176 0.183 1.000 0.212 0.215 0.283 SCB20
2/28 4/31 2/28 4/42 8/38 6/39 0.045 0.055 0.032 0.064  0.152 TBD 8B
2/31 4/34 2/31 4/45 10/41 6/42  22/37 0.076 0.069 0072 0277 TBD 8H
0/24 6/27 4/24 8/38 12/34 0/35 16/30 14/33 0.061 0.096 0.139 TBD 8M
2/26 6/29 4/26 4/40 6/36 4/37 22/32 16/35 14/28 0.029 0.146 TBD 8Q
0/27 4/30 2/27 2/41 6/37 7/38 16/33 16/36 10/29 22/31 0.191 TBD 8W
2/25 0/28 0725 0/39 2/35 2/36 6/31 2/34 6/27 6/29 4730 ELB 17
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PARDENIT

Fig.1 Cluster analysis on the

basis of genetic distance values
in Table 2. Abbreviated strain —
names are given in Table 1
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405. Relative to the five P. stutzeri strains, P. aeruginosa
was most different from P. stuszeri PSTIM300 and closer
to the other P. stutzeri strains than was PSTIM?300.

A very small genetic distance was found between SCB-4
and SCB-6. These two isolates had d values with P. stutzeri
PST14405 similar to those between the various strains of P.
stutzeri and were as close to the other Pseudomonas strains
as these Pseudomonas strains are to the P. stufzeri strains.
The other four SCB isolates had intermediate similarities
compared to the collection of pseudomonads. The Tomales
Bay sediment strains were not very close to the P. stutzeri
strains, but appeared most closely related to P. atlantica,
which was quite different from the other Pseudomonas
strains. The isolate from the Antarctic lake does not appear
to be very similar to any of the known strains.

When the d values were used in cluster analysis to ob-
tain a dendrogram (Fig. 1), these relationships were illus-

T T I
0.1 0.2 0.3 0.4

Genetic distance (substitutions per site)

—
0

trated in the formation of three main clusters, two of
which form a large supercluster. The clusters are referred
to for convenience by the names P. sturzeri, TBDS and
SCB-20. The P. stutzeri cluster contains all the P. stutzeri
strains analyzed and, in addition, contains P. denitrificans
and two SCB isolates. P. stutzeri PSTIM300 fell at the pe-
riphery of the P. stutzeri cluster with the deepest branch.
The SCB-20 cluster included the remaining pseudomon-
ads, two of the SCB isolates and Thiosphaera pan-
totropha. The TBDS cluster includes a tight subgroup of
only the Tomales Bay sediment isolates and, at greater
distances, E. coli, P. atlantica, and one SCB isolate. Para-
coccus denitrificans and the Antarctic lake isolate,
ELB17, fell at the periphery of the main clusters.

The PCR primers designed from the NiR gene of P.
stutzeri (ATCC 14405) amplified several of the Pseudo-
monas strains, but only one of the unidentified isolates



(Table 1). All of the P. stutzeri strains were successfully
amplified, as were two other Pscudomonads. Six of the
strains that amplified with the NiR primers fell into the P.
stutzeri cluster, two were in the SCB-20 cluster and one,
P.atlantica, was in the TBDS cluster. Within the P. stuszeri
cluster, only two strains did not amplify.

The only strains in which homologous proteins were
detected by Western blot were P. stutzeri; many fewer
strains and isolates showed cross-reactivity with the NiR
antiserum than possessed homology with the NiR gene
fragment. Most of the known strains and most of the iso-
lates in Table 1 apparently possess homology with the 721
bp NiR gene probe. All clusters include members that hy-
bridized with the NiR gene probe. P. aureofaciens and Th.
pantotropha possess a non cd; heme type NiR and are not
expected to have homology with this NiR probe (Zumft et
al. 1987).

Discussion
Nonidentity of strains called P. stutzeri

The similarity indices (and genetic distance estimates) de-
rived from RFLP analysis of ribosomal sequences are in
agreement with previous reports on the heterogeneity of
the P. stutzeri species group (Palleroni et al. 1970; Rosello
et al. 1991). For example, Rosello et al. (1991, 1993) used
a suite of genotypic and phenotypic characteristics to
identify genomevars (subspecies level groups) of P.
stutzeri; they found that PST14405, PST17588 and
PST11607 each fell into a different genomevar. When
P. perfectomarina PST14405 was reclassified as a P.
stutzeri, Dohler et al. (1987) reported that P. stutzeri
PST14405 had less than 60% DNA homology with P.
stutzeri PST17588. In the present analysis, P. stufzeri
JM300 fell at the periphery of the P. stutzeri cluster. The
other two ATCC strains, P. stuizeri PST17588 and PST11
607, clustered with the primary strain, PST14405, but
were nearly as similar to other Pseudomonas strains.
Thus, although the use of more or different restriction en-
zymes might change the absolute values of similarity and
distance computed here, the consistency with previous re-
ports and with other comparisons in the present analysis
imply at the very least that the currently named P. sturzeri
group is not homogeneous.

Diversity of aquatic environmental isolates

The inclusion of recently isolated, unidentified marine
denitrifiers in the RFLP analysis provides information on
the diversity of these isolates and their similarity to
known strains. For example, it can be seen that SCB-4
and SCB-6 are more similar to each other than are the
two P. stutzeri strains PST11607 and PST17588. These
two SCB strains fall within the P. stutzeri cluster and are
closer to PST14405 than any of the other P. stuizeri
strains. Although purified NiR from these two strains did

173

not react with our NiR antiserum, their DNA did hy-
bridize with the 721 bp probe previously described (Ward
et al. 1993), and it seems likely that they are in fact
P. stutzeri isolates.

Three of the SCB isolates fell outside the P. sturzeri
cluster and did not cluster together, indicating that diverse
denitrifying strains can be isolated from similar habitats
using the same enrichment medium. The SCB isolates
were all obtained from the same site, but were collected in
different samples at different times over a period of a
week. The Tomales Bay sediment isolates represent a dif-
ferent situation: they all clustered together, but were not
closely related to any other strains. The five TBD isolates
included in the RFLP analysis were all isolated from the
same 1-g sample of surface sediment. Their morphology,
determined from fluorescence microscopy with DAPI
staining (data not shown), divides them into two groups:
small straight rods and highly curved rods. While they
cluster together, they are clearly not identical. These find-
ings indicate that the culturable assemblage of aquatic
denitrifiers is diverse both within and among habitats, and
it seems likely that the natural population is even more
diverse.

In a similar study, Navarro et al. (1992) investigated
the relatedness of nitrifying bacterial strains isolated from
aquatic and soil habitats. Nitrifiers are a very restricted
group in that relatively few nitrifying species are known,
and the ability to nitrify is usually associated with nearly
obligate autotrophy, which constrains the entire metabolic
makeup of the organism. By contrast, the ability to deni-
trify is widespread within the Eubacterial kingdom and in-
volves a small suite of inducible enzymes that are not de-
pendent upon the other metabolic characteristics of the
cell. Not surprisingly, the diversity observed among den-
trifying strains by RFLP analysis exceeded the diversity
observed among isolates of nitrite oxidizing bacteria.
Navairo et al. (1992) reported that essentially identical
isolates of nitrite oxidizers could be obtained from dit-
ferent locations, while the magnitude of within-location
diversity varied on the same scale as between-location
diversity. The greatest genetic distances observed by
Navarro et al. (1992) were on the order of 8%, in contrast
to the result that some of the denitrifiers tested here did
not share any restriction fragments in common. The clus-
tering of nitrite oxidizers obtained from RFLP analysis
did not always coincide with serogrouping (Navarro et al.
1992), whereas for denitrifiers, cell surface antibodies are
frequently strain specific.

NiR antibody specificity in relation to the RFLP clusters

Efforts to produce an antibody to nitrite reductase that
would be broadly reactive with all or most of the ¢d| heme
type nitrite reductase proteins have failed: antisera pro-
duced in response to immunization with purified NiR
from various strains of P. stutzeri are unexpectedly spe-
cific, reacting only with the immunizing strain and a very
limited suite of other known strains (Korner et al. 1987;
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Ward et al. 1993). In the antibody tests reported here, only
P. stutzeri strains produced proteins that reacted with the
NiR antibody, and not even strains which clustered
closely to P. stutzeri PST14 405 reacted with the antibody
(e.g., SCB-4 and SCB-6). The ecological implications of
these findings are that strains and enzymes that are bio-
chemically quite similar may in fact not be very similar, at
least in immunological terms, and antibody probes are
generally too specific to be of use in identifying unknown
denitrifiers as a functional group.

Although the antibody reactions are noted as simply
presence/absence in Table 1, we have previously reported
that the immunological reactions between the NiR anti-
serum produced from NiR purified from P. stutzeri PST14
405 and NiR purified from P. stutzeri PST11607, PST17
588 and PSTIM300 was very weak compared to the ho-
mologous reaction. In the case of PSTIM300, the anti-
body did not inhibit activity of the purified enzyme (Ward
et al. 1993). It was concluded that the most strongly anti-
genic determinants in the nitrite reductase protein were
not shared among even closely related strains. Because
NiR is an inducible enzyme and thus subject to short-term
selective effects, the sequence of this gene might not nec-
essarily reflect evolutionary relationships of bacterial
strains. The RFLP analysis of ribosomal genes indicates
that this is indeed the case: PSTIM300 is classified as a P.
stutzeri strain on the basis of its classically defined physi-
ology, but it clusters only loosely with other P. stutzeri
strains. Two of the SCB isolates show very high similari-
ties with P. stutzeri (PST14405), but their nitrite reduc-
tases are apparently not immunologically very similar.

Comparison between NiR probes
{amplification vs hybridization)
and between NiR probes and RFLP analysis

Fewer isolates amplified with the NiR primers than hy-
bridized to the 721 bp NiR probe. Only in one case, P. at-
lantica, was amplification obtained but hybridization not
detected. More commonly, amplification was not success-
ful, but hybridization was detected. Successful amplifica-
tion depends on a rather high degree of homology in two
20-bp regions, while hybridization could be detected if
any moderately sized fraction of the 721 bp region pos-
sessed sufficient homology, suggesting that amplification
could be a more specific test than hybridization. The
primers were designed from the three NiR sequences then
available, and it is not known whether the primer regions
are conserved among other strains that possess the cd,
heme type NiR gene.

In the case of the Tomales Bay sediment isolates, no
amplification with the NiR primers was obtained, al-
though both antibody and DNA probes indicated that
these strains possess the ¢d, heme type enzyme with anal-
ogy to the P. stutzeri PST14405 enzyme. We have previ-
ously reported that P. sturzeri PST14405 was not very
abundant in this sediment environment (enumerated by
species-specific immunofluorescence, Ward and Cock-

croft 1993) and show here that commonly isolated denitri-
fiers from this environment are genetically not very simi-
lar to P. stutzeri PST14405. However, these isolates do
possess denitrification enzymes very similar to the NiR
enzyme of P. stutzeri PST14405, which means that gene
and antibody probes derived from cultured strains may be
useful in natural systems. Similarly, Coyne et al. (1989)
have reported that a large number of unidentified soil iso-
lates reacted with a NiR antiserum for the cd, heme type
enzyme of P. aeruginosa or P. stutzeri (PSTIM300). Al-
though not broadly function specific, the gene and anti-
body probes should be useful in studying genetic potential
and gene expression, respectively, in some denitrifiers.

Denitrifying isolates that hybridize with the 721 bp
probe or amplify with the NiR primers are scattered
throughout all clusters in the RFLP analysis. Some of the
diversity in reactivity with the NiR antibody and DNA
probes may be explained by lack of relatedness in the
strains, but obviously the distribution of NiR homology
and the similarity groupings implied by cluster analysis of
the RFLP data do not correspond exactly. This difference
may be due to the different nature of the genes being
investigated. Genes that encode inducible enzymes are
subject to selective pressures that are different than the
ribosomal genes and are likely to be much more variable
and have different evolutionary histories. Denamur et al.
(1993) found that allozyme patterns and rRNA RFLP pat-
terns for Pseudomonas aeruginosa were uncorrelated,
presumably due to the different history of evolution and
horizontal gene transfer for the two kinds of genes repre-
sented by the two analyses.

These findings have implications for both phyloge-
netic/evolutionary studies of bacterial relationships and
for investigation of bacterially mediated transformations
in the environment. Most apparent, relationships deduced
from ribosomal genes are not necessarily the same as
those between functional genes in the same organisms.
The probe and antibody methods used here detected only
presence/absence of the NiR gene and gene product. Fur-
ther analysis of the gene sequences would make it pos-
sible to compare genetic similarities between functional
and ribosomal genes. Within the suite of organisms called
P. stutzeri, the RFLP data imply rather large differences
among strains identified by phenotypic characters as the
same strain. From the specificity and lack of homology
demonstrated by the antibody and DNA probes for NiR, it
is evident that the functional gene, nitrite reductase, is
variable enough to provide a basis for species-specific
identification of functional genes and enzymes, but that to
define a broadly general probe for the function will re-
quire a different approach.
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