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The autotrophic ammonia-oxidizing bacteria in a eutrophic freshwater lake were studied over a 12-month
period. Numbers of ammonia oxidisers in the lakewater were small throughout the year, and tangential-flow
concentration was required to obtain meaningful estimates of most probable numbers. Sediments from littoral
and profundal sites supported comparatively large populations of these bacteria, and the nitrification potential
was high, particularly in summer samples from the littoral sediment surface. In enrichment cultures, lakewater
samples nitrified at low (0.67 mM) ammonium concentrations only whereas sediment samples exhibited nitri-
fication at high (12.5 mM) ammonium concentrations also. Enrichments at low ammonium concentration did
not nitrify when inoculated into high-ammonium medium, but the converse was not true. This suggests that the
water column contains a population of ammonia oxidizers that is sensitive to high ammonium concentrations.
The observation of nitrification at high ammonium concentration by isolates from some winter lakewater sam-
ples, identified as nitrosospiras by 16S rRNA probing, is consistent with the hypothesis that sediment ammonia
oxidizers enter the water column at overturn. With only one exception, nested PCR amplification enabled the
detection of Nitrosospira 16S rDNA in all samples, but Nitrosomonas (N. europaea-eutropha lineage) 16S rDNA
was never obtained. However, the latter were part of the sediment and water column communities, because
their 16S rRNA could be detected by specific oligonucleotide probing of enrichment cultures. Furthermore, a
specific PCR amplification regime for the Nitrosomonas europaea ammonia monooxygenase gene (amoA) yielded
positive results when applied directly to sediment and lakewater samples. Patterns of Nitrosospira and Nitro-
somonas detection by 16S rRNA oligonucleotide probing of sediment enrichment cultures were complex, but
lakewater enrichments at low ammonium concentration were positive for nitrosomonads and not nitrosospiras.
Analysis of enrichment cultures has therefore provided evidence for the existence of subpopulations within the
lake ammonia-oxidizing community distinguishable on the basis of ammonium tolerance and possibly showing
a seasonal distribution between the sediment and water column.

Nitrification is a key microbiological process of the nitrogen
cycle in freshwater lakes. The dynamic interaction of microbi-
ological reactions within the nitrogen cycle renders the analysis
of different processes very difficult. Since nitrite does not gen-
erally accumulate to high concentrations, ammonia oxidation
is considered to be the rate-limiting process of nitrification.

Lakes in temperate regions undergo seasonal stratification,
which results in the compartmentalization of microbial com-
munities. In eutrophic lakes, the effects of temperature, oxy-
gen, and chemical gradients interact to concentrate the am-
monia-oxidizing bacteria at the oxycline. Upon overturn, the
nitrifying populations are dispersed through the water column
and nitrification recedes. Ammonia oxidizers cannot be di-
rectly enumerated on agar plates, and information on their
occurrence and distribution in freshwater lakes is derived from
most-probable-number (MPN) determinations based on mea-
surements of nitrite formation in vitro (19). This method can
also be applied to sediments, where ammonia oxidizer popu-
lations are larger and less affected by seasonal variation (4).
MPN determinations can be augmented by specific nitrifica-
tion rate measurements, but the range of methods available

and the requirement for laboratory incubation makes these
data difficult to interpret in population ecology terms.

The autotrophic ammonia-oxidizing species that mediate the
process can be detected and identified by enrichment culture.
To this can be added the development of fluorescent-antibody
techniques (26, 29, 32, 33, 36) and in situ rRNA hybridization
(15, 31), which enable the direct observation of species. The
latter has been developed from 16S rDNA sequence informa-
tion on ammonia-oxidizing bacteria (8), which has also pro-
vided PCR primer and oligonucleotide probe sequences for
recovery and identification of ammonia oxidizer DNA from
freshwater-lake samples and/or enrichment cultures (10).
These molecular biological techniques have also been applied
to the study of ammonia oxidizers in other environments, in-
cluding soils (24), estuarine and marine habitats (12, 13, 23),
and sewage treatment plants (31). This continues to be under-
pinned by 16S rDNA amplification and cloning experiments
that further elucidate the phylogeny of ammonia-oxidizing bac-
teria and expand the sequence database for the design of new
primers and probes (13, 24, 27, 28). An additional molecular
target for these organisms can now be added in the form of the
ammonia monooxygenase gene (14), which has been amplified
directly from environmental samples (7, 18, 21) and can be
used to support the 16S rDNA data (18).

To date, molecular biological techniques have been applied
primarily to demonstrate the considerable genetic diversity of
ammonia oxidizer communities in different environments (12,
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13, 24) and to determine the relationship between these com-
munities and those generated by enrichment cultures. How-
ever, there are comparatively few studies in which molecular
biological techniques have been applied to determine the ef-
fects of environmental parameters on community structure (7,
12, 34). Ward et al. (34) recovered ammonia oxidizer 16S
rDNA along the depth profile of a freshwater lake and were
able to comment on the relative distribution of specific nitro-
sospiras and nitrosomonads. In this paper, we describe the
results of a seasonal study in which the occurrence of nitro-
somonads and nitrosospiras was monitored with time in water
column and sediment samples. This was achieved by the ap-
plication of 16S rDNA primers and probes to both environ-
mental samples and enrichment cultures at different ammo-
nium concentrations. These data are related to the nitrification
process by measurements of nitrification potential and MPN
determinations. Nitrosomonad DNA has previously been de-
tected in soil and seawater samples by amplification of the
amoA gene (7, 21), and this is also attempted here with sam-
ples of lake water and sediment.

MATERIALS AND METHODS
Bacterial strains. Pure cultures of ammonia-oxidizing bacteria were main-

tained in the medium described by Watson and Mandel (35). The strains of
ammonia-oxidizing bacteria used in this study were obtained from the University
of Liverpool Culture Collection and were Nitrosomonas europaea C-31 and
Nitrosospira multiformis C-71. Nucleic acids were extracted from these cultures as
described previously (8) and used as controls for the specificity of 16S rDNA-
and amoA-specific PCR primers and oligonucleotide probes throughout.

Environmental sampling. The study site was Esthwaite Water, a productive
lake in the English Lake District whose basic limnology has been described by
Heaney et al. (9). The lakewater sampling site was at the deepest part of the lake
(Fig. 1). Temperature and oxygen concentration profiles were measured on each
occasion with a combination oxygen meter and thermistor (model 57; Yellow
Springs Instruments, Yellow Springs, Ohio). Water samples were obtained from
the oxycline or from a depth of 9 m when the lake was fully mixed. Untreated
water samples were collected in a 1-liter Friedinger bottle, and other samples
were concentrated from 80 liters by tangential-flow filtration (pore diameter,
0.22 mm) to a volume of ca. 1 liter (3). Sediment core samples were obtained
from depths of 15 m (profundal site) and 5 m (littoral site) with a Jenkins surface
sediment sampler. The overlying water was eliminated and the surface 0.5 cm of
sediment was removed by using the apparatus described by Ohnstad and Jones
(16). Lakewater and sediment samples were taken at approximately monthly
intervals throughout 1993.

Determination of nitrification potentials and ammonia oxidizer MPN values.
The microtechnique of Rowe et al. (19) was used for MPN determinations. Serial
dilutions of lakewater and sediment samples were prepared as eightfold repli-
cates in 96-well microtiter plates in duplicate with the medium of Watson and
Mandel (35) containing either 0.67 mM (low) or 12.5 mM (high) (NH4)2SO4.
Cultures were incubated in the dark at 30°C for 8 weeks before nitrite and nitrate
determination by the method of Bendschneider and Robinson (1). Data were
evaluated by using statistical tables (6). Sediment samples were also subjected to
analysis for nitrification potential by incubating a 10-g sample overnight in 90 ml

of 10 mM phosphate buffer (pH 7.0) supplemented to 10 mg of NH4-N per liter
and determining the amounts of nitrite and nitrate produced by ammonia oxi-
dation (5).

Extraction and amplification of DNA from environmental samples. The
method of Bruce et al. (2) was used for the extraction of DNA from sediments,
and the method of Schmidt et al. (20) was used for the extraction of DNA from
lakewater samples. Substances inhibitory to Taq polymerase were removed from
DNA preparations with Centricon C-100 spin columns (Amicon) as specified by
the manufacturer. All amplification reactions were performed in 0.2-ml thin-
walled microtubes (Sarstedt), with the reaction mixture covered by a layer of
sterile paraffin oil, in a model 480 thermal cycler (Perkin-Elmer Cetus). The
reaction mixtures (100 ml) contained 13 PCR buffer (103 buffer is 100 mM
Tris-HCl [pH 8.8], 15 mM MgCl2, 500 mM KCl, 1% Triton X-100, 0.1% [vol/vol]
gelatin), 200 mM each deoxynucleoside triphosphate, 20 pM each primer, 50 ng
of template DNA, and 1 U of Taq polymerase (HT Biotechnologies, Cambridge,
United Kingdom). Amplification primers specific for eubacteria, nitrosospiras,
and nitrosomonads were those described previously (10). Initially, some DNA
samples were subjected to PCR amplification by direct application of Nitrosomo-
nas and Nitrosospira primers, but all the samples were processed by a nested-
amplification method summarized as follows. The reaction thermal profile for
amplification with eubacterial 16S rDNA-directed primers was 95°C for 7 min
and then 80°C for the addition of Taq polymerase, followed by 25 cycles of 94°C
for 1 min, 55°C for 1 min, and 72°C for 2 min. A 15-min extension at 72°C was
performed after the final cycle. Nested primer amplification was performed on
products of eubacteria-specific PCR with primers Nm75f and Nm1007r, specific
for Nitrosomonas spp. (N. europaea-eutropha lineage) (17) and primers Ns85f and
Ns1009r, specific for Nitrosospira spp. Annealing temperatures of 63 and 62°C
were used for these genus-specific primers, respectively, with denaturation and
extension temperatures as described above.

In addition to 16S rDNA-directed amplification, DNA preparations were
subjected to an amoA-directed, nested PCR involving primers AMOF1 and
AMOR2 and then AMOF2 and AMOR2R (7), using annealing temperatures of
57 and 55°C respectively, with other thermal parameters as described above. The
template for nested PCR was obtained by diluting first-round amplification
products appropriately with HiPerSolv water (BDH, Poole, United Kingdom).
All amplification products were resolved by electrophoresis of 10-ml aliquots of
the reaction mixtures on a 0.8% (wt/vol) horizontal agarose gel run in 13 TAE
buffer (40 mM Tris-acetate, 1 mM EDTA). PCR product immobilization on
Hybond-N1 nylon membrane (Amersham) from agarose was performed by
Southern blotting.

16S rDNA oligonucleotide probing. Oligonucleotides were end labelled with
[32P]ATP-gS (ICN Pharmaceuticals, Irvine, Calif.), using T4 polynucleotide ki-
nase (Boehringer) in 10-ml volumes with the following components: 1 ml of 103
kinase buffer (0.5 M Tris-HCl [pH 7.6], 0.1 M MgCl2, 50 mM dithiothreitol,
1 mM spermidine, 1 mM EDTA), 10 pmol of oligonucleotide, 370 kBq of [g-32P]
dATP, 6 ml of HiPerSolv water, and 5 U of T4 polynucleotide kinase. Labelling
mixes were incubated at 37°C for 1 h, and then unincorporated nucleotide was
removed with Sephadex G-50 NICK columns (Pharmacia) and the incorporation
percentage was determined. The oligonucleotide probe sequence for beta-sub-
group ammonia oxidizer 16S rDNA (AAO258r) has been described previously
(10); this sequence is widespread among beta-subdivision ammonia oxidizers
(24), and although it occurs in a number of other bacteria, it is a useful internal
confirmatory probe for 16S rDNA that has been amplified with ammonia oxi-
dizer-specific primers. Membranes were prehybridized at 45°C for 1 h in a
solution containing 2% (wt/vol) blocking reagent solution (Boehringer), 53
SSPE (203 SSPE is 3.6 M NaCl, 0.2 M NaH2PO4 [pH 7.7], and 20 mM EDTA),
20% (vol/vol) deionized formamide, 0.02% (wt/vol) sodium dodecyl sulfate
(SDS), and 0.1% (wt/vol) N-lauroylsarcosine prepared in distilled water. Hybrid-

FIG. 1. Depth contour map of Esthwaite Water (meters) and position of sampling point (A).
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ization was performed at the appropriate temperature in 20 ml of fresh solution
(blocking reagent omitted) containing 10 pmol of the labelled oligonucleotide.
After overnight incubation, the membranes were washed at hybridization tem-
perature in fresh solution for 5 min, the washing step was repeated as necessary,
and the membranes were exposed to X-ray film for autoradiographic develop-
ment.

amoA gene probe labeling and hybridization. Approximately 50 ng of genomic
DNA from a pure culture of N. europaea ATCC 25978 was amplified under the
stringent conditions detailed above, with primers AMOF2/R2R in a 50-ml reac-
tion mixture containing 2.5 ml of [a-32P]CTP (ICN Pharmaceuticals) (370
kBq.ml21). To determine whether there had been adequate incorporation of
radiolabel into synthesized DNA fragments, 1 ml of PCR product was electro-
phoresed in 0.8% (wt/vol) agarose, transferred to a nylon membrane by Southern
blotting, and exposed to X-ray film for 6 h at 280°C. Unincorporated [a-32P]CTP
was removed from the remaining reaction mix with Sephadex G-50 NICK col-
umns (Pharmacia Biotech), and radiolabelled amplification products were heat
denatured for use as amoA gene probes. Membranes for gene probing were
prehybridized in 25 ml of prehybridization solution (63 SSC [13 SSC is 0.15 M
NaCl plus 0.015 M sodium citrate; pH 7.0], 53 Denhardt’s solution, and 0.5%
SDS made up to 25 ml with distilled water containing 0.5 ml of a 1-mg z ml21

solution of calf thymus DNA, denatured by heating to 100°C for 5 min, and
chilled on ice) for at least 1 h at 65°C with gentle shaking. Probe incubation was
performed overnight in 100 ml of hybridization buffer (63 SSC, 53 Denhardt’s
solution, 0.5% SDS) with shaking at 65°C. After hybridization, the membranes
were washed in 50 ml of 23 SSC at 65°C for 15 min. A second wash was
performed in 50 ml of 23 SSC–0.1% SDS at 65°C for 30 min, and a final wash
was performed in 50 ml of 0.13 SSC at 65°C for 10 min. The membranes were
air dried and exposed to X-ray film for autoradiography.

Enrichment of ammonia-oxidizing bacteria. Environmental samples were in-
oculated in duplicate (1%, wt/vol [sediment] and 1%, vol/vol [lake water]) in 200
ml of Watson and Mandel medium (35) containing 0.67 or 12.5 mM (NH4)2SO4
(pH 8.0), incubated at 30°C with shaking (150 rpm) in the dark, and monitored
at 5-day intervals for NH4-N and nitrite by Quantofix Test sticks (Camlab,
Cambridge, United Kingdom). The pH of the enrichment cultures was moni-
tored and adjusted to pH 8.0 as necessary by the addition of sterile 5% (wt/vol)
sodium carbonate. Enrichments were subcultured (1%, vol/vol) into the appro-
priate medium when nitrification was indicated by a decrease in pH and the
NH3-N concentration combined with a concomitant increase in the nitrite con-
centration. This was repeated three times, and 30 ml of the third subculture was
transferred to 3 ml of fresh medium in a sterile 3.5-in. glass tube, mixed, and
serially diluted to a factor of 1027. The dilutions were sealed with Parafilm to
prevent evaporation and incubated with monitoring of nitrification as above. The
highest dilution to show nitrification over a period of 12 weeks was itself serially
diluted as described above. This was repeated four times, and 1 ml of culture
from the highest dilution showing nitrification in the fourth dilution series was
finally inoculated into 200 ml of fresh medium. This final culture was used for the
extraction of nucleic acid and determination of the presence of nitrosospiras
and/or nitrosomonads as described below. Such an exhaustive procedure is nor-
mally applied to the isolation of autotrophic ammonia-oxidizing bacteria (22).

After three enrichment subcultures as described above, those in which there
was evidence of ammonia oxidation were inoculated (1%, vol/vol) into both high-
and low-ammonium sulfate media, incubated, and monitored at 5-day intervals
up to 60 days for nitrification.

Cell blots. All nitrifying enrichment cultures, including those cross-inoculated
into media containing higher or lower substrate concentrations, were processed.
Cells from 100-ml aliquots of enrichment media were applied to nylon mem-
branes under vacuum by using a Minifold-II manifold (Schleicher & Schuell).
Cell lysis was performed in the assembled manifold by enzymatic attack at room
temperature for 30 min in lysozyme solution (100 mM Tris-HCl [pH 7.6], 150
mM NaCl, 5 mM MgCl2, 1.5% [wt/vol] bovine serum albumin, 40 mg of lysozyme
[Sigma] per ml). Lysis was continued by incubation at room temperature for 15
min in detergent solution (2% [wt/vol] SDS, 1 mM EDTA [pH 8.0]). The
manifold slots were washed with two 0.5-ml volumes of 103 SSPE. Membrane-
bound nucleic acids were denatured by laying the membrane on 3MM Whatman
paper soaked in denaturing solution for 7 min and neutralized by transferring the
membrane for 1 min to Whatman paper soaked in neutralization solution.
Finally, nucleic acids were cross-linked to the membrane by exposure to UV light
for 45 s. All the reagents and apparatus were pretreated with diethylpyrocar-
bonate. Membranes were probed with the Nitrosospira-specific (NS85r) and
Nitrosomonas-specific (Nm75r) 16S rRNA oligonucleotides defined by Hiorns et
al. (10).

RESULTS

Esthwaite Water is generally regarded to be the most pro-
ductive lake in the English Lake District. This work was un-
dertaken in 1993, and data on the physicochemical character-
ization of the lake over the 12-month period demonstrated that
the lake had become stratified during the period from April to
October (Fig. 2). The maximum concentration of chlorophyll a

in the surface water was 74 mg m23. The water temperature
varied between 3 and 16°C over the year; the pH of the lake
water at a depth of 5 m was fairly constant at ca. pH 7, with
isolated peaks of pH 8 to 9 in summer, when biological activity
was high.

Nitrification in Esthwaite Water. At monthly intervals, sam-
ples of lake water and littoral and profundal sediment were
inoculated into two media, differing in ammonium sulfate con-
centration, for MPN determinations of ammonia-oxidizing
bacteria. The data are presented in Fig. 3 and demonstrate that
ammonia oxidation in sediments differs fundamentally from
that in the water column. First, MPNs were an order of mag-
nitude greater in sediment samples than in lake water, and this
is further emphasized by the requirement for tangential-flow
concentration of water samples before their inoculation into
the MPN media. When unconcentrated lake water samples
were used as the inoculum, ammonia oxidation was undetect-
able for 9 of the 12 months sampled, and only ,70 cells ml of
inoculum21 were detected for the remaining 3 months. Pro-
fundal and littoral sediment samples yielded MPN counts in
the range of 100 to 700 cells g (dry weight) of inoculum21, with
profundal sediment showing less variation throughout the year
than littoral sediment, for which there was a trend toward
increased activity during the summer months (Fig. 3). The
most interesting observation was that ammonia oxidation by
lake water could be demonstrated only in MPN tubes contain-
ing a low (0.67 mM) ammonium sulfate concentration, where-
as for sediment samples an increased concentration (12.5 mM)
strongly stimulated ammonia oxidation. The November and
December MPN determinations for concentrated lakewater
samples are exceptional in that they were the only samples for
which ammonia oxidation (,10 cells ml21) was detected at the
high ammonium concentration, and this is supported by data
from enrichment cultures (see below).

Unlike direct measurements of different oxidation states of
nitrogen in sediment and water samples, determination of ni-
trification potential can provide a specific assessment of the
size and viability of the nitrifying community. This was applied
here to sediment samples to complement the data on MPN
determinations of ammonia-oxidizing bacteria. Both nitrite
and nitrate concentrations were determined in the nitrification
potential incubations, and although there was considerable
temporal variation (Fig. 4), this could not be simply correlated
with environmental and biological factors. However, within
both littoral and profundal sediments, the nitrification poten-
tial was always significantly greater at the sediment surface and
was dominated by nitrate as the end product (data not shown).
Furthermore, nitrification potentials in profundal sediment

FIG. 2. Oxygen (h) and temperature (■) profiles of the water column of
Esthwaite Water recorded at stratification (July) during 1993.
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samples were always lower than those in littoral sediment sam-
ples, especially when the lake was stratified in the summer
months (Fig. 4).

Analysis of ammonia oxidizer DNA recovered directly from
lake water and sediments. Application of the eubacterial 16S
rDNA primers pAf and pHr generated 1.5-kb DNA fragments
from all the lakewater and sediment samples examined. In a

few cases, amplification products were not clearly visible on
agarose gels, probably due to the persistence of inhibitory
humic substances despite the purification procedures applied.
PCR for Nitrosomonas and Nitrosospira 16S rDNA with primer
pairs Nm75f/1007r and Ns85f/1009r, respectively, failed to
yield products from any of the environmental DNA samples.
These primer pairs were designed and applied previously (10)
based on interrogation of a limited number of full 16S rRNA
gene alignments (8), but subsequent examination of the cur-
rent database has revealed that they have limitations. The

FIG. 3. MPN values for ammonia-oxidizing bacteria cultured in 12.5 mM ( )
and 0.67 mM (h) NH4(SO4)2 medium from littoral sediment (a), profundal
sediment (b), a concentrated lakewater sample (c) and an untreated lakewater
sample (d). Thin bars indicate 95% confidence limits.

FIG. 4. Nitrification potentials of littoral (h) and profundal (■) sediment of
Esthwaite Water throughout 1993.

FIG. 5. Detection of Nitrosospira 16S rDNA in littoral sediment (a), profun-
dal sediment (b), and lakewater samples (c) by PCR followed by ethidium
bromide-stained agarose gel electrophoresis. Lanes: M, DNA molecular size
markers (base pairs); 1 to 12, January to December samples, respectively.
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Nitrosospira primers retain their broad utility for amplification
of members of this group, whereas the Nitrosomonas primers
must now be regarded as targeting only representatives of the
N. europaea-eutropha lineage (17). The potential amplification
of 16S rDNA from bacteria other than ammonia oxidizers is
obviated by our routine application of the internal probe
AAO258 (10) to verify the fidelity of all the amplification
products obtained. The widespread occurrence of this se-
quence among beta-subdivision ammonia oxidizer 16S rRNA
genes has been confirmed (24), and although the sequence is
present in a range of other bacteria, its application as a con-
firmatory probe for amplification products generated by prim-
ers that are specific is valid.

When these primers were applied to the pAf/pHr amplifi-
cation products in a nested reaction, ethidium bromide-stained
bands of DNA of the expected size were usually obtained with
Nitrosospira primers but were never obtained with the Nitro-
somonas primers (Fig. 5). The specificity of the amplification
products was confirmed by hybridization to the internal oligo-
nucleotide probe AAO258, and this also revealed the presence
of Nitrosospira 16S rDNA in samples that did not produce
visible bands on agarose gels (Fig. 6). The littoral sediment
sampled in February was the only sample of the 36 tested in
which Nitrosospira 16S rDNA was detected, but we do not
believe that this is significant. However, the universal absence
of Nitrosomonas 16S rDNA amplification products was con-
firmed by an inability to detect any hybridization signals with
this probe. It is difficult to interpret PCR data quantitatively,
particularly when repeated nested amplifications are applied.
However, the comparative intensity of ethidium bromide-
stained bands of amplified Nitrosospira 16S rDNA from sedi-
ment and lakewater samples (Fig. 5) supports the clear quan-
titative distinction between MPN determinations of ammonia
oxidizers in sediments and lake water (Fig. 3).

Application of PCR amplification primers specific for the
amoA gene of N. europaea (AMOF1 and AMOR2) to DNA
extracted from sediment and lakewater samples failed to yield
visible bands on gels. The reaction mixtures were diluted 10-
fold and reamplified with the internal primer pair AMOF2 and
AMOR2R; this resulted in amplification products of the ex-
pected size (1.8 kb) from a number of samples (Fig. 7). All the
gels were Southern blotted and hybridized with the labelled
amoA gene as the probe. This confirmed the identity of the
amplified products in all cases (Fig. 8), and no hybridization
signals were obtained for lanes which did not contain visible
DNA bands. The distribution pattern of positive results for this
gene target could not readily be correlated with spatial and
temporal parameters. A surprisingly large number of positive
amplifications were obtained with lakewater samples in view of
the comparative data on MPN determinations for sediment
and water samples (Fig. 3) and the failure of the Nitrosomonas
16S rDNA primers to yield amplification products. Similarly,
profundal sediment samples compared favorably with littoral
samples across the year (Fig. 7 and 8), but ammonia oxidizer
populations were generally higher in the latter (Fig. 3). How-
ever, these data appear to demonstrate the presence of N. eu-
ropaea and/or closely related organisms in the ammonia-oxi-
dizing communities of both the water column and sediments,
which the 16S rDNA primers failed to achieve.

Analysis of enrichment cultures. Monthly samples (April to
December) of lake water, filtered lake water, littoral sediment,
and profundal sediment were inoculated into 0.67 mM (low)
and 12.5 mM (high) ammonium sulfate medium, and the mix-
tures were incubated at 30°C. These enrichment cultures were
monitored for nitrifying activity by measuring nitrite, nitrate,
and pH, and they were appropriately subcultured three times.
Where nitrification had occurred, cells were harvested from

FIG. 6. Hybridization pattern after probing of Nitrosospira 16S rDNA PCR
products amplified from littoral sediment (a), profundal sediment (b), and lake-
water samples (c) with oligonucleotide AAO258. Lanes: 1 to 12, January to
December samples, respectively. The approximate size of fragments is indicated.

FIG. 7. Detection of N. europaea amoA DNA in littoral sediment (a), pro-
fundal sediment (b), and lakewater samples (c) by PCR followed by ethidium
bromide-stained agarose gel electrophoresis. Lanes: M, DNA molecular size
markers (base pairs); 1 to 12, January to December samples, respectively.
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the final enrichments and nucleic acid extracts were hybridized
to genus-specific 16S rRNA oligonucleotide probes for Nitro-
sospira and Nitrosomonas. Untreated lake water failed to pro-
vide nitrifying enrichment cultures in the high-ammonium me-
dium but yielded positive enrichments in the low-ammonium
medium for samples obtained between July and December. In
all cases, hybridization signals were obtained with the Nitro-
somonas probe but not the Nitrosospira probe. When lakewater
filtered by tangential flow was used as the inoculum, almost
identical results were obtained for the low-ammonium enrich-
ments. In addition, positive enrichments were recorded in
high-ammonium medium for the November and December
samples, both of which gave hybridization signals for Nitroso-
spira but not Nitrosomonas probes. These data are summarized
in Table 1.

The pattern of positive enrichments and genus-specific hy-
bridizations for sediment samples was more complex than that
described above for the water column (Table 1). Enrichments
of both profundal and littoral sediment samples were, in con-
trast to those of lake water, generally successful in high-am-
monium medium and often comprised populations of both
nitrosospiras and nitrosomonads as revealed by oligonucleo-
tide probing. The strengths of the hybridization signals could
be compared to give an indication of the predominance of one
genus over another in individual enrichments, and these results
varied (Table 1). There were also examples of high-ammonium
sediment enrichments in which only one of these genera could
be detected by probe hybridization. Enrichments from sedi-
ment samples inoculated into low-ammonium medium gave
slightly fewer positive results than did those inoculated into
high-ammonium medium, but unlike the data for lakewater
enrichments, where only nitrosomonads were detected, mem-
bers of both genera were detected either alone or in combina-
tion (Table 1).

This difference between high- and low-ammonium enrich-
ment cultures was further examined for any evidence that
Esthwaite Water contained subpopulations of ammonia oxi-
dizers defined by substrate affinity. This was done by subcul-
turing July (summer) and November (winter) high-ammonium
enrichments into low-ammonium medium and vice versa. The
results are presented in Table 2. None of the enrichment cul-
tures that exhibited nitrification in low-ammonium medium
continued to nitrify when subcultured into the high-ammonium
medium. Furthermore, none of these enrichments were reac-
tivated by subsequent inoculation from the high-ammonium
back into the low-ammonium medium. In contrast, apart from
the high-ammonium enrichment culture for the July profundal

FIG. 8. Hybridization pattern after probing of N. europaea amoA DNA PCR
products amplified from littoral sediment (a), profundal sediment (b), and lake-
water samples (c) with the amoA gene probe. Lanes: 1 to 12, January to De-
cember samples, respectively. The approximate size of fragments is indicated.

TABLE 1. Genus-specific oligonucleotide probe hybridization
results for ammonia-oxidizing bacteria enriched from littoral

sediment, profundal sediment, concentrated lake water,
and untreated lake water by using 12.5 and

0.67 mM NH4(SO4)2-containing medium

Type of sample and
time of collection

Hybridization signal from:

12.5 mM NH4
1

medium
0.67 mM NH4

1

medium

Littoral sediment
April Ns1, Nm11 Ns11
May Ns1, Nm111 2
June Ns111, Nm1 Ns1
July Ns11, Nm111 2
August 2 2
September Ns1, Nm11 Ns1, Nm1
October Nm1 Ns1
November Ns1, Nm11 Ns1, Nm1
December ND Nm1

Profundal sediment
April Nm111 Ns11
May Ns1, Nm111 2
June 2 2
July Ns1, Nm11 Ns1
August Ns11 Nm11
September Nm1 Ns11
October Nm1 Nm1
November Ns1, Nm11 Nm1
December Nm1 Nm1

Concentrated lake water
April 2 2
May 2 2
June 2 2
July 2 Nm1
August 2 Nm1
September 2 Nm1
October 2 Nm1
November Ns111 2
December Ns11 Nm1

Untreated lake water
April 2 2
May 2 2
June 2 2
July 2 Nm1
August 2 Nm1
September 2 Nm1
October 2 Nm1
November 2 Nm1
December 2 Nm1

a 1, weak; 11, moderate; 111, strong; 2, no growth; ND not determined;
Ns, Nitrosospira; Nm, Nitrosomonas.
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sediment sample, high-ammonium enrichment cultures subcul-
tured into low-ammonium medium continued to nitrify. Of the
five high-ammonium enrichment cultures used as inocula, four
contained both nitrosomonads and nitrosospiras on the basis
of genus-specific oligonucleotide hybridization to extracted nu-
cleic acid. This mixed population appeared to be maintained in
one subculture, whereas only the nitrosomonad component
could be detected in the other two low-ammonium enrichment
subcultures. The November lakewater enrichment culture in
high-ammonium medium, which was unusual in showing nitri-
fication at this ammonium concentration, appeared to contain
only nitrosospiras, and these continued to nitrify when subcul-
tured into low-ammonium medium.

DISCUSSION

Esthwaite Water demonstrated typical seasonal stratification
in 1993, with compartmentalization of biological activity in
relation to temperature and oxygen gradients. It therefore pre-
sented a useful system in which to investigate nitrification as
influenced by changes in the water column structure and its
interaction with sediment. Monitoring populations of ammo-
nia-oxidizing bacteria by MPN determinations was straightfor-
ward and demonstrated the presence of significantly larger
numbers of these organisms in sediments where ammonia gen-
eration is known to be higher than in the water column (4).
Ammonia oxidation is not usually associated with anaerobic
environments, and consequently the activity of ammonia oxi-
dizers in lake sediments will be stimulated by oxygenation. This
accords with our data, which revealed larger numbers of am-
monia oxidizers and higher nitrification potentials in littoral
than in profundal sediment sites (Fig. 3). The susceptibility of
littoral sediment to variation, which is probably temperature
induced, is illustrated by the fluctuation in ammonia oxidizer
MPNs compared with the more uniform data for profundal
sediment over the 12-month period (Fig. 3a and b). Popu-
lations of ammonia oxidizers in the water column were low,
almost certainly due to low concentrations of nutrients in-
cluding ammonium, and meaningful MPN determinations
became possible only by applying tangential-flow filtration
as a pretreatment to concentrate the cells (Fig. 3c and d).

That sediment and water column populations have become
adapted to prevailing concentrations of ammonia is indicated

by the influence of ammonium concentration on MPN deter-
minations. Thus, water column samples would nitrify only
when inoculated into low-ammonium medium, in contrast to
sediment samples, which exhibited the expected stimulation of
ammonia oxidation by increasing their ammonium concentra-
tion (Fig. 3). This hypothesis that distinct populations have
evolved in relation to ammonium concentration derives sup-
port from the observation that some winter lakewater samples
inoculated into high-ammonium medium nitrified, possibly in-
dicating the introduction of sediment ammonia oxidizers into
the water column at overturn. Enrichment of different popu-
lations of ammonia-oxidizing bacteria by manipulating the sub-
strate ammonium concentration has been reported previously
(25), but only for sewage treatment systems. The data on en-
richment culture of Esthwaite Water ammonia oxidizers in
relation to ammonium concentration (Table 1) are also sup-
portive. Sediment samples yielded positive enrichments at both
ammonium concentrations, whereas lakewater samples proved
positive for nitrification only at the low ammonium concentra-
tion. Again, November and December lakewater enrichments
were the exception, as described for the MPN determinations
above, showing nitrification at the higher ammonium concen-
tration preferred by sediment samples. The lakewater popula-
tion of ammonia-oxidizing bacteria is probably dominated by
species that are sensitive to inhibition at high ammonium con-
centrations, as evidenced by the consistent failure of low-am-
monium enrichments to act as a source of viable inoculum for
subculture to high-ammonium medium (Table 2). These en-
richment cultures contained sufficiently large populations of
ammonia-oxidizing bacteria for direct detection by 16S rRNA
oligonucleotide probing without the PCR amplification ap-
plied to environmental samples. Probes for nitrosospiras and
nitrosomonads (N. europaea-eutropha lineage) were applied to
determine whether the distribution of these groups was corre-
lated with the ammonium concentration. It has been previously
suggested that nitrosospiras are ubiquitous whereas nitroso-
monads occur only in enrichment cultures or in environmental
situations where nutrient concentrations are high (7, 10, 15,
24). In this study of Esthwaite Water, sediment sample enrich-
ments gave positive hybridizations to either or both without
any discernible pattern. Unexpectedly, however, all of the lake-
water enrichments at low ammonium concentration comprised
only nitrosomonads, with the exception again of the winter en-

TABLE 2. Data from cross-inoculation of ammonia oxidizers enriched in either high- or low-ammonium medium into the other medium

Time of collection and
type of sample

Low-NH4
1 medium to high-NH4

1 medium High-NH4
1 medium to low-NH4

1 medium

Nitrificationa
Hybridization signalb in:

Nitrification
Hybridization signal in:

Original Subculture Original Subculture

July
Lake water 2 Nm1 2 ND ND ND
Littoral sediment 2 ND ND 1 Ns11 Ns1

2 Nm111 Nm1
Profundal sediment 2 Ns1 2 2 Ns1 ND

Nm11

November
Lake water 2 Nm1 2 1 Ns111 Ns1
Littoral sediment 2 Ns1 2 1 Ns1 Nm11

Nm1 Nm11
Profundal sediment 2 Nm1 2 1 Ns1 Nm1

Nm11

a Nitrification is indicated to have ceased (2) or continued (1) after inoculation into the contrasting medium.
b Organisms continuing to nitrify in culture were identified by genus-specific oligonucleotide probing. Hybridization signal: 1, weak; 11, moderate; 111, strong;

Ns, Nitrosospira; Nm, Nitrosomonas.
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richments at high ammonium concentration, which appeared
to comprise only nitrosospiras (Table 1). This population of
ammonium-sensitive nitrosomonads is an excellent target for
16S rDNA and amoA sequence analysis to ascertain its geno-
typic composition and hence its origin.

Direct PCR amplification of environmental DNA revealed
the distribution and relative abundance of autotrophic ammo-
nia oxidizers throughout Esthwaite Water. Despite their cru-
cial role in the nitrogen cycle, populations of autotrophic am-
monia-oxidizing bacteria are low in the environment, and this
is reflected in the cell densities that can be obtained in labo-
ratory culture (,105 ml21). Thus, the low MPN values record-
ed here are in agreement with our inability to amplify either
16S rDNA or amoA DNA in a single-stage reaction, necessi-
tating the application of a nested PCR approach throughout.
The requirement for this nested amplification strategy has
been previously reported for different primer pairs specific
for beta-subdivision ammonia oxidizers applied to a variety of
environments (7, 10, 30, 34). However, there are reports of
other beta-subdivision ammonia oxidizer 16S rDNA primers
yielding amplification products from environmental samples
after a single round of PCR amplification (12, 24). While
multistage PCR would in theory be more likely to yield prod-
ucts from minority members of communities, we still failed to
amplify Nitrosomonas 16S rDNA, although these organisms
were detected in enrichment cultures and by amoA-directed
amplification. It is important to stress that the 16S rDNA prim-
er pairs used here for Nitrosomonas will amplify only the close-
ly related species N. europaea and N. eutropha, but, in contrast
to some reports (11, 17), these organisms do not appear to
have a restricted environmental distribution; they are simply
outnumbered by nitrosospiras. It is difficult to comment on the
specificity of the amoA primers because so few sequences have
been determined, but we do know that the primers used in the
present study under the conditions described above do not
amplify the amoA gene of cultured Nitrosospira spp. or the
pmmo (particulate methane monooxygenase) gene of meth-
anotrophs (7). Indeed, the failure of these amoA primers to
amplify DNA from pure cultures of the closely related species
N. eutropha (7) supports the suggestion that N. europaea has
been specifically detected by this approach. amoA sequence
diversity has recently been analyzed (18), but the regions se-
quenced do not encompass our primer sites. However, Rot-
thauwe et al. (18) did amplify amoA DNA directly from fresh-
water lake samples and identified it as originating from
members of the Nitrosospira lineage. This approach support-
ed a range of previous studies in which it was suggested that
Nitrosospira spp. are more common in terrestrial and freshwa-
ter environments than are Nitrosomonas spp. (7, 10, 12, 24).
Here, we have again shown, in a systematic study of a single
freshwater lake system, the reproducible and consistent detec-
tion of Nitrosospira 16S rDNA in lakewater and sediment sam-
ples. It has been argued that amoA as a functional gene target
is advantageous over the 16S rDNA approach to studying am-
monia oxidizer community structure (18) because the latter
approach has reduced specificity and coamplification of 16S
rDNA sequences from nonnitrifying bacteria occurs (24). In
this study, we have used an internal oligonucleotide probe to
verify that the 16S rDNA amplified from environmental sam-
ples does indeed contain only nitrifier DNA.

Direct amplification of ammonia oxidizer 16S rDNA from
lakewater and sediment samples throughout a 12-month pe-
riod is a useful method of detecting the presence of these or-
ganisms. This is certainly true for nitrosospiras, whose pres-
ence in lake water in particular was revealed even when MPN
determinations of the ammonia-oxidizing community as a whole

were very low (,10 cells ml21 [Fig. 3c]). Although these data
are certainly not quantitative, it is clear that amplified bands of
Nitrosospira 16S rDNA were more intensely stained in sedi-
ment samples than in concentrated-lakewater samples (Fig. 5),
as would be suggested by comparison of the ammonia oxidizer
MPN values for lake water versus profundal and littoral sedi-
ments (Fig. 3). The same comparison does not apply to am-
plified N. europaea amoA DNA, which was at least as readily
amplified from lakewater samples as from sediment samples
(Fig. 7). This is particularly impressive in view of the failure of
the N. europaea 16S rDNA primers to yield amplification prod-
ucts from any samples. The explanation may be technical; the
first round of 16S rDNA amplification uses universal primers,
and the Nitrosomonas template must compete with other 16S
rDNA genes, thus limiting the enrichment effect, in compari-
son with amoA, which was subjected to two specific and non-
competitive rounds of amplification. Alternatively, the 16S
rDNA primers used here for nitrosomonads are specific to the
N. europaea-eutropha lineage and the sequences do not occur
in a number of other Nitrosomonas spp. (17). If these and
closely related species have strongly homologous amoA gene
sequences, the data could be indicating their presence in
Esthwaite Water. Unfortunately, Rotthauwe et al. (18) did not
include nitrosomonads other than N. europaea and N. eutropha
in their comparative partial sequencing of amoA genes, so this
explanation cannot be verified. Furthermore, the amoA prim-
ers used by us failed to amplify amoA from N. eutropha, a spe-
cies that is very closely related to N. europaea on the basis of
16S rRNA sequences (8).

This study emphasises the value of using independent gene
targets wherever possible to support (7) or, as shown here, to
produce a more accurate description of community structure.
In particular it will be possible to describe sediment and water
column genotypes by sequence analysis of amplified DNA and
elucidate their relationship to one another and the influence of
spatial and temporal parameters. The foundations laid in this
study will allow us to evaluate nutritionally diverse lake systems
with a view to identifying both common aspects and specific
features of freshwater ammonia oxidizer ecology.
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