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BAsstract

The biochemical pathway and genetics of autotrophic ammonia oxidation have been studied almost
exclusively in Nitrosomonas europaea. Terrestrial autotrophic ammonia-oxidizing bacteria (AAOSs),
however, comprise two distinct phylogenetic groups in the B-Proteobacteria, the Nitrosomonas and
Nitrosospira groups. Hybridization patterns were used to assess the potential of functional probes in
non-PCR-based molecular analysis of natural AAO populations and their activity. The objective of
this study was to obtain an overview of functional gene homologies by hybridizing probes derived
from N. europaea gene sequences ranging in size from 0.45 to 4.5 kb, and labeled with 3P to
Southern blots containing genomic DNA from four Nitrosospira representatives. Probes were spe-
cific for genes encoding ammonia monooxygenase (amoA and amoB), hydroxylamine oxidoreduc-
tase (hao), and cytochrome c¢-554 (hcy). These probes produced hybridization signals, at low
stringency (30°C), with DNA from each of the four representatives; signals at higher stringency
(42°C) were greatly reduced or absent. The hybridization signals at low stringency ranged from 20
to 76% of the total signal obtained with N. europaea DNA. These results indicate that all four
functional genes in the ammonia oxidation pathway have diverged between the Nitrosomonas and
Nitrosospira groups. The hao probe produced the most consistent hybridization intensities among
the Nitrosospira representatives, suggesting that hao sequences would provide the best probes for
non-PCR-based molecular analysis of terrestrial AAOs. Since N. europaea can also denitrify, an
additional objective was to hybridize genomic DNA from AAOs with probes for Pseudomonas genes
involved in denitrification. These probes were specific for genes encoding heme-type dissimilatory
nitrite reductase (dNir), Cu-type dNir, and nitrous oxide reductase (nosz). No hybridization signals
were observed from probes for the heme-type dNir or nosz, but Nitrosospira sp. NpAV and Nitro-
solobus sp. 24-C hybridized, under low-stringency conditions, with the Cu-type dNir probe. These
results indicate that AAOs may also differ in their mechanisms and capacities for denitrification.
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Introduction

Oxidation of ammonia to nitrite by autotrophic bacteria is a
key process affecting the fate of nitrogen (N) in wastewater
treatment, crop fertilization, and trace gas production (con-
tributing to global warming). Autotrophic ammonia oxidiz-
ers (AAOs) obtain their energy by converting NH; to NO,~
[15, 47]. They contribute more to global N oxidation than
do heterotrophic nitrifiers [17, 20]. Under certain condi-
tions, AAOs can also denitrify [1, 7], thus making their roles
in global N cycling more complex [8]. The biochemical
pathway and genes involved in autotrophic ammonia oxi-
dation have been studied almost exclusively in cultures of
Nitrosomonas europaea, a type strain purified from soil en-
richments approximately 40 years ago [22] and available as
two accessions (19718 and 25978) from the American Type
Culture Collection. The difficulty involved in purifying and
maintaining AAO cultures [35, 47] has accounted for the
extensive use of N. europaea in biochemical and kinetic stud-
ies of ammonia oxidation [30].

Generalization of N. europaea’s physiological characteris-
tics to other AAOs may be justifiable, in light of phylogenetic
evidence that AAOs appear to be closely related [11, 40]. To
date, all AAOs of terrestrial origin fall within the B-
subdivision of the class Proteobacteria [48]. However, recent
studies based on rDNA from cultured AAO isolates and
cloned environmental sequences indicate that terrestrial
AAQOs comprise two distinct groups within the -
subdivision—the Nitrosomonas group, which contains N.
europaea, other Nitrosomonas spp., and some Nitrosococcus
spp [29]; and the Nitrosospira group, which contains genera
classified as Nitrosospira, Nitrosolobus, and Nitrosovibrio [11,
40, 47]. Analyses of 16S rDNA sequences from AAO popu-
lations in soils by clone libraries and denaturing gradient gel
electrophoresis have shown that Nitrosomonas representa-
tives are less abundant than Nitrosospira representatives [12,
19, 39]. More recent analyses of PCR-amplified amoA gene
sequences from natural populations showed that Nitro-
sospira representatives were also predominant in rice rhizo-
sphere and freshwater samples [32]. Therefore, experimental
data on ammonia oxidation by N. europaea may not be
applicable to systems in which Nitrosospira representatives
predominate.

In this study, DNA-DNA hybridizations using N. euro-
paea gene sequences were used to assess these sequences as
probes for non-PCR-based detection of natural AAO popu-
lations. Probe hybridizations, based on bacterial genes en-
coding enzymes involved in nitrification and denitrification,
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would be useful in evaluating the relative importance of
these processes in the environment [46]. Hybridizations, us-
ing probes derived from N. europaea, against genomic DNA
of four members of the Nitrosospira group were compared.
To confirm that AAO strains used in the studies were dif-
ferent from each other, REP-PCR band patterns [9] were
obtained from their genomic DNA.

Probes were obtained from DNA sequences available for
N. europaea genes that encode enzymes in the ammonia
oxidation pathway. Ammonia monooxygenase (AMO) oxi-
dizes ammonia to hydroxylamine; it is encoded by two
genes, amoA and amoB. The gene amoA codes for the pro-
tein subunit containing AMQO’s active site [25], whereas the
immediately downstream amoB codes for a structural sub-
unit of AMO [5, 26]. Hydroxylamine oxidoreductase (HAO)
oxidizes hydroxylamine to nitrite. It is a multimeric protein
[16] composed of subunits encoded by the gene hao [2, 6,
34]. Cytochrome c¢-554, the immediate electron acceptor for
HAO, is encoded by hcy [14], also called cytA [6]. Each of
these genes is present in at least two copies in the genome of
N. europaea [6, 14, 26].

An additional objective of this study was to explore func-
tional diversity among AAOs using hybridization tests with
probes from denitrification genes of Pseudomonas spp., in
which the denitrification pathways and genetics have been
well characterized [37, 49]. N. europaea is known to produce
a Cu-type nitrite reductase enzyme [31], and cultures of N.
europaea produce NO and N,O [1, 7]. To determine if Pseu-
domonas gene probes could detect similar genes in AAOs,
AAO genomic DNA was hybridized with gene probes for a
Cu-type dissimilatory nitrite reductase (dNir) [49], a heme-
type dNir [37] and nitrous oxide reductase [44]. Our goal
was to investigate the genetic diversity affecting nitrogen
metabolism in this functionally important group of bacteria.

Materials and Methods
Bacterial Strains

Six strains of ammonia-oxidizing bacteria, previously isolated from
soils, were used: N. europaea ATCC 25978, neotype isolated from
soil enrichment [22]; N. europaea ATCC 19718; Nitrosolobus mul-
tiformis ATCC 25196, neotype isolated from soil in Surinam, South
America [47]; Nitrosolobus sp. strain 24-C; Nitrosospira sp. NpAV
(Apple Valley); and Nitrosospira sp. Np39-19. The latter three cul-
tures were obtained from Dr. Ed Schmidt, University of Minnesota.
They had been isolated from agricultural soils in Minnesota [24].

Cultures of three heterotrophic bacteria were grown in tryptic
soy broth, to provide DNA for positive and negative controls. Pseu-
domonas stutzeri strain JM300 and Pseudomonas sp. strain G-179
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were positive controls for the heme-type [37] and Cu-type [49]
dissimilatory nitrite reductases, respectively. The type strain of Ar-
throbacter globiformis (ATCC 8010) was also included, because it is
a heterotrophic nitrifier found in soils [21, 43], and to see if its
DNA would cross-hybridize with functional gene probes from an
autotrophic bacterium.

AAO Batch Culture Scale-up, Genomic DNA Extraction,
and REP-PCR

Tube cultures of AAOs in filter-sterilized ATCC Medium 929 were
grown, to a cell concentration of 1-2 x 107 cells mI~* (indicated by
slight turbidity), with pH adjustment, using 0.05 M K,CO; to
neutralize the cultures, every other day over a 2-week period. One-
ml aliquots were transferred to 50 ml fresh medium in 250-ml
Erlenmeyer flasks. The pH of these cultures was repeatedly ad-
justed, with 0.1 M or 0.3 M K,CO,, for 2-3 weeks. Five-ml aliquots
from the small flask cultures were transferred to 500 ml fresh
medium in 2-liter Erlenmeyer flasks. These cultures were grown for
another 2—4 weeks. All incubations were at 25°C in the dark, with-
out shaking. Typical DNA recoveries from 4-week-old cultures
were 100-120 ng DNA ml~. DNA recoveries were lower from
older cultures (e.g., 6 weeks), presumably because of extracellular
polysaccharides that interfered with extraction. Slightly improved
recoveries could be achieved with AAO cultures that had just
reached slight turbidity (0.5-1 x 107 cells ml™%).

Cells from the large flask cultures were harvested by centrifu-
gation in 250-ml bottles, at 5000 x g, for 30 min. Cell pellets from
two to four bottles were resuspended in Medium 929, without
(NH,),S0O,, and transferred to 30-ml Oak Ridge tubes, to concen-
trate bacterial biomass. A miniprep procedure for extracting bac-
terial genomic DNA [4] was modified by using tenfold larger vol-
umes of all extraction reagents. It was used to obtain genomic
DNA:s of all AAO strains and the two Pseudomonas strains. Geno-
mic DNA of A. globiformis, which was more resistant to lysis, was
extracted according to the method of Visuvanathan et al. [45].

REP-PCR was performed on genomic DNA samples from
AAOs, using a Perkin-Elmer GeneAmp PCR System 9600 (Perkin-
Elmer, Foster City, CA) and the method and primers described by
de Bruijn [9]. This procedure enabled us to compare the AAOs’
REP fingerprints, which are characteristic DNA band patterns in
agarose gels produced after PCR amplification using primers for
conserved, repeated DNA elements in bacteria.

DNA Probes

DNA probes used in hybridization tests, and their sources, are
listed in Table 1. N. europaea gene fragments had been cloned into
vectors which had EcoRI restriction sites flanking their insertion
sites. Thus, probes for N. europaea genes were obtained by diges-
tion of these plasmids with EcoRI alone, or with EcoRI and another
restriction enzyme that cut within the gene fragment. Other probe
inserts, cloned into vectors described in references listed in Table 1,
were isolated by cutting with appropriate enzymes at mapped re-
striction sites. Probes were obtained by extracting plasmid DNA
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from cultures of Escherichia coli clones, purifying the DNA in ce-
sium chloride gradients, cutting the DNA with restriction enzymes,
and isolating probe fragments by agarose gel electrophoresis, ac-
cording to standard methods [33]. Probe DNA was purified with a
Gene-Clean kit (Bio-101, Inc., LaJolla, CA) and labeled with [o-
$2p1dCTP (3000 Ci/mM, DuPont New England Nuclear Research
Products, Wilmington, DE), using a random priming kit from
Boehringer Mannheim Biochemicals (Indianapolis, IN). Unincor-
porated nucleotides were removed from the labeled probes using
spun columns [33]. Labeled probe was added to hybridization fluid
to obtain a final activity of [1L0° cpm mlI™.

Restriction Digests, Southern Blots, and Probe Hybridizations

Genomic DNA preparations were quantified by measuring their
absorbance spectra in an HP-8452 UV-Vis spectrophotometer
(Hewlett-Packard Co., Englewood, CO). DNA was digested with
EcoRl, loaded into lanes on 1% agarose gels, and subjected to
electrophoresis [33]. For each gel lane, 3 ug of digested DNA was
added, except for DNA from Nitrosolobus sp. strain 24-C, which
had 1.5 pg DNA lane™™. The latter reached lower cell densities than
the other AAOs, making it difficult to obtain comparable amounts
of DNA. Southern blots were prepared from replicate gels on Hy-
bond N+ membranes (Amersham Life Sciences, NY). DNA on the
blots was UV-cross-linked in a Stratalinker (Stratagene, La Jolla,
CA). Blots were prehybridized for 16 h in a standard prehybrid-
ization solution [33], then hybridized for 24 h at 30°C (low strin-
gency) or 42°C (moderate stringency). After hybridization, blots
were washed once, for 15 min, at either 30°C or 42°C, with 0.1x
SSC, pH 7, with 0.1% sodium dodecyl sulfate. Either X-omat (Ko-
dak) or DuPont NEN film was exposed to the probed blots using
one Cronex Lightning Plus KE intensifying screen (DuPont), at
—=70°C, for 7-10 h prior to development. To permit re-probing,
blots were stripped of radioactivity by washing twice, for 15 min, in
distilled water that had been boiled and amended with 1% SDS.
Membranes were kept moist between hybridizations in airtight
containers at 4°C.

Densitometric Measurements from Autoradiograms

Digitized images of autoradiogram films were obtained with the
CCD camera of a Gel Print 2000i system (BioPhotonics Corp., Ann
Arbor, MI). Hybridization band intensities were determined by
densitometric measurements of the digitized images with Spectrum
IP Lab image processing software (Signal Analytics Corp., Vienna,
VA). Band intensities measured for Nitrosolobus and Nitrosospira
strains were compared to those of N. europaea, to estimate percent
sequence similarities between the probes and homologous genes.
Densitometric measurements of bands from Nitrosolobus sp. 24-C
DNA were doubled to compensate for the lower amount of target
DNA in these lanes.

Results
REP-PCR Patterns

REP-PCR patterns were obtained from purified genomic
DNA from the six AAO stock strains (Fig. 1). The REP-PCR



296

M.A. Bruns et al.

Table 1. DNA probes used in this study
Plasmid and Protein encoded Number Length of probe
Organism restriction by gene Approximate  of EcoRl  and region of gene Laboratory
Probe (source of probe  enzymes used containing probe length of  sites within  corresponding to sources
name sequence) to obtain probe sequence gene gene probe and references
amoA  N. europaea pNH901 Ammonia 0.8 kb 0 0.7 kb of 3" end of N. Hommes
ATCC 19718 Kpnl-EcoRI monooxygenase gene (probe and D. Arp
(AMO) starts at internal [25]
acetylene-binding Kpnl site)
polypeptide
amo B N. europaea pNH902 Polypeptide 1.4kb 0 0.7 kb of 5" end of N. Hommes
ATCC 19718 EcoRI-EcoRI involved in gene (probe ends and D. Arp
AMO activity at internal Kpnl [26]
site)
hao N. europaea pNH110 Hydroxylamine 1.7kb 1 0.7 kb (probe N. Hommes
ATCC 19718 Kpnl-EcoRI oxidoreductase starts at Kpnl and D. Arp
site 43 nt from [34]
N terminus and
ends at EcoRl
site)
hcy N. europaea pNHc55p1 Cytochrome c-554, 0.7 kb 1 0.45 kb (probe N. Hommes
ATCC 19718 BamHI-EcoRlI believed to starts at BamHI and D. Arp
accept electrons site 48 nt from [34]
from HAO N terminus and
ends at EcoRl
site)
TN45 N. europaea pTN45 Polypeptide unknown 0 4.5 kb (probe T. Tokuyama
probe ATCC 25978 EcoRI-EcoRl possibly involved consists of entire [41]
in HAO activity plasmid insert)
Cu- Pseudomona sp.  pRTcl1.9 Copper-containing 1.2 kb 0 1.9 kb (probe J. Tiedje [49]
dNir strain G-179 EcoRI-BamHI nitrite reductase consists of entire
gene plus 660 nt
upstream and 80
nt downstream)
Heme-  P. stutzeri pBsGTH2.4 Heme-containing 1.6 kb 0 2.4 kb (probe J. Tiedje [37]
dNir strain JM300 HindllI-Clal (c,d;-) nitrite consists of entire
reductase gene plus
flanking regions)
nosz P. stutzeri pAV21 Nitrous oxide 1.9kb 0 1.2 kb (probe J. Tiedje [44]
strain ZoBell Pstl-Pstl reductase consists of gene

region between
2" and 3" Pstl
sites from 5’
end)

patterns for N. europaea ATCC 25978 and N. europaea
ATCC 19718 were identical, suggesting that the strains were
the same [9]. This observation was supported by the obser-
vation that the source of the strains had been a culture
purified from a soil enrichment obtained from D.L. Jensen
in Denmark (D. Pramer, personal communication). REP-
PCR patterns were unique for all other AAO strains (Fig. 1).

Hybridizations with Probes for Ammonia Oxidation Genes

N. europaea DNA digested with EcoRI exhibited two hybrid-
ization bands with each of the amoA and amoB probes, three

bands with the hao probe, and one band with the hcy probe
(Figs. 2 and 3). Similar results with N. europaea DNA have
been obtained in other laboratories for amo [25, 26], hao
[26, 34], and hcy [6, 14]. All N. europaea probes hybridized
with DNA of other AAOs. Hybridization signals at 42°C,
however, were greatly reduced or absent, relative to those
obtained at 30°C (Figs. 2 and 3). Other AAO strains also
appeared to have multiple copies of at least some of the
homologous genes (Figs. 2 and 3).

The intensities of all hybridization bands recovered at
30°C were summed to obtain an estimate of total probe
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3,054 bp---------->

1,636 bp---------- >

1, 018 bp---------- >
Fig. 1. REP-PCR patterns of AAO DNA observed in agarose gels

stained with ethidium bromide and illuminated under UV light:
Lane 1, DNA size marker; Lane 2, N. europaea ATCC 25978; Lane
3, N. europaea ATCC 19718; Lane 4, N. multiformis ATCC 25196;
Lane 5, Nitrosolobus sp. 24-C; Lane 6, Nitrosospira sp. NpAV; Lane
7, Nitrosospira sp. Np39-19; Lane 8, DNA size marker.

signal from each AAO under low-stringency conditions. The
total probe signal depends on both gene copy number and
percent similarity between the DNA probe and correspond-
ing genes in different strains. Since all probes were derived
from N. europaea DNA, the total probe signal of N. europaea
was designated as 100%. Total probe signals from the other
four AAO strains were divided by the total probe signal from
N. europaea, to obtain percentage values (Fig. 4). These per-
centages reflect the relative signal that could be obtained
from one genome of an AAO strain when it is hybridized
with the corresponding N. europaea-derived probe. In gen-
eral, N. multiformis exhibited the lowest percentages (20—
48%) of the four strains tested. The hao probe gave the
highest overall percentages (48-68%) among the strains
(Fig. 4).

In replicate Southern blots of each AAO strain run in
parallel, locations of hybridization bands from the amoA
probe were identical to those for the amoB probe (Fig. 2).
Since amoB is located immediately downstream of amoA in
N. europaea [25], these results indicate that the amoA and
amoB genes are also linked in the four Nitrosospira repre-
sentatives.
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No hybridization was observed at low stringency between
any of the N. europaea probes and DNA from A. globiformis,
P. stutzeri strain JM300, or Pseudomonas sp. strain G-179
(data not shown for latter two strains). Another N. europaea
DNA probe obtained from a 4.5 kb insert in pTN45 was also
tested (Table 1). This construct had been reported to carry a
putative hao gene that conferred a low level of hydroxyl-
amine oxidation activity when transformed into Pseudomo-
nas sp. [41]. The pTN45 probe hybridized only with geno-
mic DNA from N. europaea (data not shown). DNA comple-
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Fig. 2. Autoradiogram photographs from Southern blots of ge-

nomic DNAs digested with EcoRI and hybridized with 3?P-labeled
N. europaea gene probes. A: amoA probe. B: amoB probe. Left-hand
photographs show hybridization patterns at lower stringency (hy-
bridization at 30°C, washing at 42°C in 0.1x SSC). Right-hand
photographs show hybridization at higher stringency (hybridiza-
tion at 42°C, washing at 42°C in 0.1x SSC). Blots contained DNA
from the following cultures: Lane 1, A. globiformis; Lane 2, DNA
size marker; Lane 3, N. europaea; Lane 4, N. multiformis; Lane 5,
Nitrosolobus sp. 24-C; Lane 6, Nitrosospira sp. NpAV; Lane 7, Ni-
trosospira sp. Np39-19; Lane 8, DNA size marker.
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Fig. 3. Autoradiogram photographs from Southern blots of ge-
nomic DNAs digested with EcoRI and hybridized with *2P-labeled
N. europaea gene probes: A: hao probe. B: hcy probe. Left-hand
photographs show hybridization patterns at low stringency (hy-
bridization at 30°C, washing at 42°C in 0.1x SSC). Right-hand
photographs show hybridization at higher stringency (hybridiza-
tion at 42°C, washing at 42°C in 0.1x SSC). Blots contained DNA
from the following cultures: Lane 1, A. globiformis; Lane 2, DNA
size marker; Lane 3, N. europaea; Lane 4, N. multiformis; Lane 5,
Nitrosolobus sp. 24-C; Lane 6, Nitrosospira sp. NpAV; Lane 7, Ni-
trosospira sp. Np39-19; Lane 8, DNA size marker.

mentary to this fragment was thus not observed in genomes
of the other AAO strains.

Hybridizations with Probes for Denitrification Genes

DNA from Nitrosolobus sp. strain 24-C and Nitrosospira sp.
NpAV each produced hybridization bands at 30°C, with the
probe for the Cu-type dNir gene from Pseudomonas sp.
strain G-179. DNA from N. europaea on the same blots did
not cross-react with this probe (Fig. 5). These results indi-
cate that the copper nitrite reductase enzyme observed in N.
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europaea [31] is not similar to this Cu-type dNir. Probes for
heme-type dNir and nosz hybridized, as expected, with DNA
from the control Pseudomonas strains, but they did not hy-
bridize with DNA from any of the AAOs tested (data not
shown).

Discussion

Terrestrial AAOs comprise two distinct phylogenetic groups
in the B-Proteobacteria. These hybridization experiments in-
dicate that all four functional genes in the ammonia oxida-
tion pathway of Nitrosospira representatives have undergone
varied degrees of divergence, relative to homologous genes
in the classic type strain N. europaea (a representative of the
Nitrosomonas group). Recent analyses of natural AAO popu-
lations have demonstrated that Nitrosospira representatives
were more abundant than Nitrosomonas in soils [12, 19, 39,
42], rice rhizosphere, and freshwater samples [32]. Stephen
et al. [39] have also described the predominance of “‘spe-
cialist” AAO populations (e.g., Nitrosospira Cluster 2 in acid
soils) that may undergo selection in particular environ-
ments. Therefore, fundamental understanding of the bio-
chemistry and kinetics of ammonia oxidation, which is
based primarily on experiments done with N. europaea [15],
should not be extrapolated or generalized to Nitrosospira
representatives without more comprehensive studies.

The extent of divergence between N. europaea and Nitro-
sospira representatives, however, was not sufficient to pre-
clude cross-hybridization at low stringency. Since the N.
europaea probes were based on nearly full-length gene se-
quences (Table 1), shorter functional probes (fewer than 100
nucleotides), developed from highly conserved regions,
should exhibit more consistent hybridization signals among
terrestrial AAOs. Short, conserved regions can also serve as
PCR primer sites for functional gene amplification. Rot-
thauwe et al. [32] used primers to amplify portions of the
amoA gene from cultured Nitrosomonas and Nitrosospira
strains, as well as from enriched and nonenriched environ-
mental samples. The 491-bp PCR products corresponded to
the amoA gene sequence of N. europaea between positions
332 and 822 [32]. In their data set, consisting of at least 50
partial amoA sequences, identity values between each pair of
Nitrosomonas and Nitrosospira sequences were all higher
than 67%. Our similarity values, based on relative intensities
of hybridization signals from the 703-bp amoA probe on
Southern blots of Nitrosospira DNA, ranged from 36 to 76%
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(Fig. 4). Southern blot hybridizations are, of course, less
precise than primary sequence determinations. The low
similarities observed with N. multiformis (36%) and Nitro-
sospira sp. NpAV (45%) could be due to the amoA probe
covering 25% more of the gene (from positions 118 to 822).
It may also have contained a less conserved region.

The functional probes in this study produced low or no
hybridization signals from DNAs of Nitrosospira representa-
tives at high stringency (Figs. 2 and 3). This observation has
important implications for non-PCR-based methods
[13, 27] for assessing the presence and activity of natural
AAO populations. These findings indicate that hybridization
signals from any single nitrification gene probe of moderate
length (400-700 nucleotides) will depend on the species
composition of the AAO populations under study. Shorter
probes will be required to produce more consistent signals
from both Nitrosomonas and Nitrosospira groups. However,
differences in gene copy number would still affect hybrid-
ization signals from DNAs of different AAO groups. N. eu-
ropaea possesses two copies of the amoA and amoB genes
[25], three copies of the hao gene [26], and three copies of
the hcy gene [34]. Multiple copies of these genes also ap-
peared evident in at least some of the Nitrosospira represen-
tatives (Figs. 2 and 3), although we did not perform the
additional restriction digests needed to confirm copy num-
bers. Norton et al. [28] have verified three copies of amoA
[18] in Nitrosospira sp. NpAV. Variation in functional gene
copy number among AAO strains, therefore, would con-
found establishment of a quantitative relationships between
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W N. europaea

Fig. 4. Histograms showing
summed intensities of hybridiza-
tion bands, expressed as percent-
ages of total signal from N.
europaca DNA (100%). Band in-
tensities were measured densito-
metrically, using digitized images
of autoradiogram films that had
been exposed to Southern blots hy-
bridized with 32P-labeled probes
(Figs. 2 and 3). Band intensities for
the five strains obtained with a
given probe were all measured
from the same blot. AAO strains
tested in each set were in the fol-
lowing order: N. europaea; N. mul-
tiformis; Nitrosolobus sp. strain 24-
C; Nitrosospira sp. NpAV; and Ni-

B Nitrosolobus multiformis
Nitrosolobus sp. 24-C

| Bl Nitrosospira sp. NpAV

| B Nitrosospira sp. Np39-19

trosospira Np39-19.
nir
1 2 3 4 5 6 7 8 9 10 11 12
21,230---
. “
4,970---
3,530--
2,030~
1,580

Fig. 5. Autoradiogram photograph of Southern blot hybridized at
30°C with nir probe, for a copper-type nitrate reductase gene from
Pseudomonas sp. G-179. Photograph shows hybridization patterns
at low stringency (hybridization at 30°C, washing at 42°C in 0.1x
SSC). The blot contained EcoRI-digested DNA from the following
cultures: Lane 1, Pseudomonas stutzeri JM300; Lane 2, blank; Lane
3, A. globiformis; Lane 4, DNA size marker; Lane 5, N. europaea;
Lane 6, N. multiformis; Lane 7, Nitrosolobus sp. 24-C; Lane 8, Ni-
trosospira sp. NpAV; Lane 9, Nitrosospira sp. Np39-19; lane 10,
DNA size marker; Lane 11, blank; Lane 12, Pseudomonas sp. G-179
(positive control). Lane 11, a blank lane intended to contain the
spillover of radioactivity typically observed with Pseudomonas sp.
G-179 DNA, contains some signal from Lane 12.
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DNA-DNA hybridization signals and AAO population sizes,
when mixed populations of AAOs are analyzed.

These findings indicate that bacterial community DNA
extracted from soils and other environmental samples [13]
would have to be hybridized, under low-stringency condi-
tions, with probes from N. europaea to detect homologous
genes of Nitrosospira representatives. Such low-stringency
hybridizations could result in overestimation of AAO popu-
lation size, due to probe binding to similar genes of unre-
lated organisms. Methanotrophs, for example, are also com-
mon in soils [10]. They contain genes for particulate meth-
ane monooxygenase (pPMMO), which can also oxidize
ammonia and is similar to AMO [36]. In their study of
pMMO genes, Semrau et al. [36] observed weak hybridiza-
tion at 42°C between a 693-nt probe for amoA and genomic
DNA from four different methanotrophs.

Structural gene probes derived from hao, on the other
hand, would probably be more specific for AAOs, because
hydroxylamine is not a known intermediate in the energy-
generating pathways of methanotrophs. These results sug-
gest that the hao gene is more conserved than the other
ammonia oxidation genes, among the AAQOs tested. Of the
four N. europaea probes tested in this study, the hao probe
produced the least variable intensities in hybridization signal
across all five AAO strains (Table 2). However, hao may
contain sequences similar to those coding for heme-
containing peptides in unrelated bacteria [36], and it shares
similarity to the nirT gene of E. coli [6]. Shorter probes
(<100 nt), derived from HAO coding regions that are critical
to specific enzyme function [3], might prove most specific
for AAOs.

DNA probe hybridizations against microbial community
DNA could also produce false-negative results if AAO popu-
lations are too small to produce detectable hybridization
signals. Most-probable-number counts of AAOs in soils can
be 10* or fewer per gram [35], and the lower detection limit
for high-activity radioactive probes with single-copy targets
of 1 kb is 10* organisms per gram [13]. Thus, some AAO
populations may be too small to be tracked with functional
gene probes, even if the genes are present in two or three
copies. It may be more feasible to use probe hybridization
analysis with community DNA from soils containing en-
riched AAO populations (e.g., soils that have been amended
with ammonia-based fertilizers, animal manures, or high-
nitrogen-loaded sludges).

An additional problem in using N. europaea gene probe
hybridizations for estimating AAO population size in situ
stems from the uncertainty regarding genetic similarity be-

M.A. Bruns et al.

tween cultured and uncultured AAOs. Physiological diver-
sity among AAOs has been difficult to evaluate, because so
few isolates have been purified and maintained [30]. Mo-
lecular analyses of 16S rDNA [38] and amoA gene sequences
[32] have identified novel AAO lineages within the B-
Proteobacteria, with no known cultured representatives. N.
europaea, cultivated in enrichments for years prior to being
purified [22], may not represent AAOs that are predominant
and widespread in nature. The two ATCC accessions of N.,
europaea (25978 and 19718) are apparently the same strain,
because they were originally obtained from the same pure
culture and they produced identical REP-PCR patterns in
this study (Fig. 1). Although ammonia oxidation physiology
has been studied almost exclusively in N. europaea [15],
findings from these studies cannot be generalized to nitrifi-
cation in the environment until functional gene diversity
among AAOs, as a group, is better understood.

Stephen et al. [38, 39] conducted intensive studies of the
diversity of natural AAO populations, by using PCR ampli-
fication and specific primers [23, 19] to retrieve 16S rDNA
sequences of AAOs from microbial community DNA. Seven
phylogenetically distinct clusters, four clusters within the
Nitrosospira clade and three within the Nitrosomonas clade,
were identified based on partial 16S rDNA sequences corre-
sponding to E. coli positions 230 to 530 [38]. Despite the
monophyletic status of terrestrial AAOs within the B-
subdivision of Proteobacteria, no single oligonucleotide
within the 16S rDNA database of Stephen et al. could be
identified as a primer or probe for detecting all AAOs. Al-
though Rotthauwe et al. [32] developed PCR primers that
could amplify Nitrosomonas and Nitrosospira amoA genes,
non-PCR-based molecular analysis methods may require
multiple probes to comprehensively assess the presence and
activity of AAOs.

The linkage between the amoA and amoB genes observed
in N. europaea [25] was also apparent for all four Nitro-
sospira representatives, as indicated by identical hybridiza-
tion patterns for the amoA and amoB gene probes (Fig. 2).
However, physiological differences among the AAQs in this
study were suggested by hybridization bands obtained be-
tween the Cu-type dNir probe and DNAs from Nitrosospira
sp. NpAV and Nitrosolobus sp. strain 24-C, but not DNA
from other AAOs (Fig. 5). Furthermore, the lack of cross-
hybridization between the TN45 probe from N. europaea
and DNA from Nitrosospira representatives alludes to physi-
ological attributes in N. europaea that are absent in the other
AAO strains.

In conclusion, a suite of hybridization tests provided an
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overview of functional gene homologies between the two
groups of AAOs in the B-Proteobacteria. Hybridization pat-
terns indicated that all four functional genes involved in
ammonia oxidation have diverged between the Nitrosomonas
and Nitrosospira groups. These two groups may also differ in
their denitrification genes. The N. europaea hao probe pro-
duced the most consistent hybridization intensities among
the Nitrosospira representatives. This suggests that shorter
probes derived from hao coding regions important in en-
zyme activity are the best probes for non-PCR-based mo-
lecular analysis of autotrophic ammonia oxidation in terres-
trial ecosystems.
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