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ABSTRACT: The community structure of ammonia-oxidizing bacteria of the ß-subclass Proteobacte
ria was investigated w ith respect to environm ental gradients along the Schelde, a eutrophic estuary 
system. A dom inance of Nitrosomonas-like  sequences was detected  using molecular techniques ta r
geting the 16S rRNA gene on 3 separate sampling dates, and different Nitrosomonas-like populations 
w ere most dom inant at different locations along the estuary. The most frequently detected  ammonia 
oxidizer-like sequences in the freshw ater part of the estuary w ere associated with a sequence cluster 
previously designated as Nitrosomonas Cluster 6a. This group, w hich is closely affiliated w ith the cul
tu red  species N. ureae, has previously been detected  as the dom inant ammonia-oxidizer group in 
various freshw ater systems, and was also the dom inant recovered sequence cluster from a contribu
tory, un treated  sew age effluent sample. The 16S rDNA recovered from brackish locations further 
dow nstream  was dom inated by a group of novel Nitrosomonas-like sequences. Nitrosospira-like 
sequences represen ted  only a small minority of those detected  for all samples. The shift in dominant 
ammonia-oxidizer populations occurred in the estuarine region with the sharpest observed gradients 
in salinity, oxygen, and ammonia. These results provide evidence in support of the differential selec
tion of physiologically distinct Nitrosomonas-like groups according to the environm ental gradients 
encountered along the estuary
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INTRODUCTION

The discharge of large amounts of nitrogen into the 
environm ent has led to the eutrophication of many estu
arine systems. In the Schelde estuary, domestic and in 
dustrial waste products (both treated  and untreated) as 
well as runoff from fertilized agricultural lands have con
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tributed to nitrogen enrichment. Nitrogen enters the es
tuary predominantly in its reduced form, ammonia (NH3, 
or ammonium [NH4+] in its protonated form), w hich can 
be oxidized to nitrite (N 02~) by chemolithotrophic am 
monia-oxidizing bacteria. Ammonia oxidation is the first, 
and often rate-limiting, step in the removal of nitrogen 
from environm ental systems (Prosser 1989), and nitrifi
cation is quantitatively important in the estuary, in terms 
of both oxygen and ammonia consum ption (Soetaert & 
H erm an 1995a). Estuarine environm ents contain grad i
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ents of salinity, ammonia concentration, and dissolved 
oxygen levels. Thus, as bacteria travel with the residual 
seaw ard current, they encounter changing environ
mental conditions. The residence time of w ater in the to
tal estuary is about 60 d (Soetaert & H erm an 1995b), al
though this may be extended by attachm ent to particles 
or by (temporary) sedim entation (Owens 1986). The 
m ean residence time of particles in one com partm ent of 
the estuary (see Fig. 1) is com parable with the genera
tion time of many cultured ammonia-oxidizing bacteria 
(Helder & de Vries 1983). Thus, competition and selec
tion may occur betw een distinct ammonia-oxidizer pop
ulations as they travel through the Schelde estuary. Al
ternatively, ammonia-oxidizing bacteria may possess the 
ability to adapt to the environm ental gradients en 
countered. Clues as to which of these processes most af
fect ammonia-oxidizer populations might therefore be 
gained by exam ining their community structure along 
the estuarine region w here these key environm ental 
gradients are observed.

Ecological studies of ammonia-oxidizing bacteria 
have been ham pered by the difficulties and biases 
associated with the isolation and m anipulation of these 
organisms in pure culture (Koops & Harms 1985, Pros
ser 1989). The monophyletic nature of the ß-subclass 
ammonia-oxidizing bacteria has however facilitated 
the developm ent of nucleic acid-base techniques for 
their detection and characterization (McCaig et al. 
1994, Voytek & W ard 1995, M obarry et al. 1996, W ag
ner et al. 1996, Kowalchuk et al. 1997, Rotthauwe et al. 
1997, Schramm et al. 1998, Stephen et al. 1998). Phylo
genetic analysis of 16S rDNA sequence data defines 2 
genera within this clade, Nitrosospira and Nitro
somonas, each of which can be further subdivided 
into at least 4 distinct sequence clusters (see p re 
sent Fig. 3 and Stephen et al. 1996 and M aidak et 
al. 1999). M embers of the species Nitrosococcus 
oceani, of the y-subclass Proteobacteria, also pos
sess the property of autotrophic ammonia oxida
tion. A lthough these bacteria have been described 
in m arine habitats (Ward 1982), very few cultured 
strains have been described using molecular tools, 
im peding the developm ent of similar nucleic acid- 
based analyses for their detection and phyloge
netic characterization.

The separation of mixed polym erase chain reac
tion (PCR) products, generated  by specific amplifi
cation of 16S rRNA genes, by denaturing gradient 
gel electrophoresis (DGGE) has become a powerful 
technique for the rapid comparison of multiple bac
terial communities over space and time (Muyzer et 
al. 1993, Muyzer & Smalla 1998). The interpretation 
of DGGE banding patterns has been  facilitated by 
hybridization using specific oligonucleotide probes 
for band identification (Teske et al. 1996). A lterna

tively, excision of DGGE bands, followed by DNA ex
traction, re-amplification, and sequence analysis, has 
also aided in the phylogenetic placem ent of DGGE 
bands (Ferris et al. 1996). These techniques have re 
cently been applied to the analysis of ß-subclass am m o
nia oxidizer-like 16S rDNA sequences recovered by PCR 
specifically targeting the Nitrosospira/Nitrosomonas 
clade (Kowalchuk et al. 1997, Stephen et al. 1998). These 
studies have correlated the dominance of certain phylo
genetic clusters in connection with specific environ
mental factors, suggesting that physiological differences 
betw een clusters affect their distribution across envi
ronm ental gradients (Stephen et al. 1996, 1998, Kowal
chuk et al. 1998, Speksnijder et al. 1998, M cCaig et al. 
1999, Whitby et al. 1999). This study continues the pro
cess of relating the structure of environmental ß-subclass 
Proteobacteria ammonia-oxidizer communities to eco
logical param eters.

The specific aim of this study was to relate the com
munity structure of ammonia-oxidizing bacteria to the 
dynamic environm ental conditions encountered along 
the Schelde estuary. Eight study locations w ere chosen 
to sample across the region of the estuary with the 
sharpest gradients with respect to salinity, ammonia 
availability, and dissolved oxygen content (Fig. 1). An 
untreated  sew age sample, typical of that discharged 
into the estuary, was also included in the investigation. 
Estuarine samples w ere taken  on 3 separate occasions 
to investigate seasonal and year-to-year differences, 
and key environm ental factors w ere m onitored for all 
samples. PCR, specifically targeting ß-subclass am m o
nia oxidizer-like 16S rDNA, and DGGE w ere used to
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Fig. 1. Map of River Schelde and Schelde estuary. Numbers indi
cate sample locations and correspond to estuary compartm ents 
used previously in a modeling study of nitrogen dynamics (Soetaert 
& H erm an 1995b). Distance from the city of Antwerp to the mouth 

of the estuary is approxim ately 100 km
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analyze changes in ammonia-oxidizer community struc
ture. Specific hybridization and sequence analysis of 
DGGE bands w ere also employed to determ ine the 
phylogenetic cluster composition of the samples exam 
ined. Ammonia-oxidizer community composition, as 
judged  by PCR-assisted sequence retrieval, is dis
cussed with reference to the observed environm ental 
gradients along the dynamic estuarine system.
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Fig. 2. Oxygen (y), ammonia (■) and nitrate (•) concentrations 
as a function of distance from mouth of the estuary in June 
1995 and July and October 1996. Stations num bered as in 
Fig. 1 (in parentheses, above top abscissa and below bottom 

abscissa)

MATERIALS AND METHODS

Description of research area. The Schelde estuary 
(also known as the 'W estern' Scheldt) drains an esti
m ated 21000 km 2 of N orthern France, Belgium and 
The Netherlands, an area with approxim ately 10 mil
lion inhabitants and a nitrogen load of 56 000 t N yr-1 
(Soetaert & H erm an 1995b). The estuary proper is 
defined to extend from Temse, the upperm ost point of 
salt-w ater intrusion, to the mouth into the North Sea 
near Vlissingen (Fig. 1). Sampling stations w ere se
lected in the upper part of the estuary, w here gradients 
of oxygen, ammonia and nitrate are steepest (Fig. 2, 
Table 1). The pH of all samples ranged betw een 7.5 
and 7.9 (results not shown). An additional sample was 
taken  from untreated  w astew ater of the city of Brus
sels, at its point of entry into the Rupel, a tributary of 
the Schelde (N. Brion pers. comm.; see also present 
Fig. 1). The Brussels w astew ater is one of the main 
contributors to pollution in the upper Schelde estuary.

Sample collection. Surface w ater samples w ere 
taken  aboard the RV 'Luctor' at the sample sites (indi
cated in Fig. 1) in June 1995, July 1996 and October 
1996. The am ount of vertical stratification in this sys
tem  is minimal, and surface w ater samples w ere th e re 
fore regarded  as providing a good representation of 
the entire w ater column (Wollast 1988). Samples in dif
ferent years and seasons w ere taken  to provide a gross 
estim ate of the stability of the ß-proteobacterial am m o
nia-oxidizing community along the estuary. Sampling 
was perform ed within the navigational channel by use 
of a sterile 1 1 screw-cap bottle. It should be noted that 
the sample furtherm ost downstream  used for the m ole
cular analysis of the June 1995 analysis was taken  at 
Stn 8 (Fig. 1) instead of Stn 7. Samples w ere filtered 
through 0.2 pm pore-size nitrocellulose filters (approx
imately 250 ml w ater per filter; Schleicher and Schuell 
BA83, diam. = 25 mm). Filters w ere w rapped in alu
minum foil and frozen immediately (-20°C). Filters 
w ere transferred to -80°C  upon arrival at the labora
tory. Salinity, tem perature and oxygen concentrations 
w ere m easured with a CTD (conductivity, tem pera
ture, depth) system equipped with a polarographic 
oxygen sensor (THISHYDRO H 20, Lokeren, Belgium). 
Nutrient analyses w ere perform ed with a segm ented 
flow auto-analyzer system (SKALAR, Breda, The 
Netherlands). The am ount of suspended particulate 
m atter (SPM) in the w ater samples was estim ated 
by filtering a known volume of sample through p re 
w eighed glass-fiber (GF/F) filters. Filters with SPM 
w ere dried for 24 h at 40°C, cooled in a desiccator, and 
w eighed again. SPM was calculated by the increase in 
w eight of the filters.

DNA isolation. DNA isolation used a m echanical 
disruption protocol (Stephen et al. 1996). Half of each
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Table 1. Salinity (Sal), nitrite (N 02) and suspended particulate matter (SPM) values 
in w ater sam ples along the Schelde estuary. Stations num bered as in  Fig. 1

Stn Ju n  1995 Jul 1996 Oct 1996
Sal n o 2 SPM Sal n o 2 SPM Sal n o 2 SPM

(PPt) (PM) (mg L 1) (PPt) (pM) (mg L 1) (PPt) (pM) (mg L 1)

1 0.5 35 12 1.1 12 131 0.8 18 65
2 0.7 29 18 1.7 11 122 1 24 77
3 1.2 39 30 4.9 10 42 1.9 23 43
4 2.9 34 65 10.3 4 20 6 26 27
5 4.1 35 14 12.7 3 21 10.3 12 19
6 5.8 29 77 14.6 3 22 14 4 29
7 7.5 24 11 16 3 19 14.3 3 15
8 14.4 18 43

nitrocellulose sample filter was added to a 2 ml screw- 
cap tube containing 0.5 ml TE (Tris 10 mM/EDTA
1 mM pH 7.6) buffer, 0.5 ml TE-saturated phenol, 
pH 8.0 (Gibco Laboratories, Detroit, MI, USA) and 0.5 g 
0.1 mm-diam. acid-w ashed zirconium beads (Biospec 
Products, Bartlesville, OK, USA). The tubes w ere 
shaken at 5000 rpm for 3 times 30 s in a Mini-Bead- 
beater (Biospec Products) and kept on ice betw een 
shaking intervals. After centrifugation for 5 min at 
5000 X g, 0.5 ml of the aqueous layer was rem oved and 
extracted twice with 0.5 ml phenol/chloroform/isoamy- 
lalcohol 25:24:1 (pH 8.0; Gibco). The rem aining aque
ous layer (0.4 ml) was recovered, and DNA was p re 
cipitated w ith 0.1 vol 3 M sodium acetate (pH 5.2),
2 vol. 96% ethanol, and 2 pi glycogen (Boehringer, 
M annheim, Germany). Precipitation w as for 16 h at 
-20°C. DNA was pelleted at 13 000 x g  for 30 min and 
w ashed once w ith ice-cold 70% ethanol. After drying 
(2 min Savant Speedvac DNA 110), the pellet was 
resuspended in 100 pi TE buffer (pH 8.0). Further 
purification was perform ed using the Wizard DNA 
clean up kit (Promega, M adison, WI, USA) according 
to the m anufacturer's instructions. DNA was eluted 
from the columns w ith 100 pi 80°C TE buffer, and 
stored at -80°C.

PCR, DGGE and hybridization analyses. PCR was 
conducted using the expand high-fidelity polymerase 
system mix (Boehringer, M annheim, Germany) ac
cording to the m anufacturer's specifications using the 
conditions described below. Each 50 pi reaction mixture 
contained 5 pi tem plate DNA (approximately 30 ng), 5 pi 
10 x reaction buffer, 200 pM of each deoxynucleotide, 
5 pM each of the CT0189Í-GC and C T0654r primers 
(Kowalchuk et al. 1997), 2 pi 10 mg ml4  non-acetylated 
bovine serum albumin (New England Biolabs, Beverley, 
MA, USA), and 2.5 units expand DNA polymerase. Re
action mixtures w ere overlaid w ith an equal volume of 
molecular biology grade mineral oil (Sigma, St. Louis, 
MO, USA) and PCR was perform ed on a Hybaid Om ni
gene therm ocycler (Teddington, UK) in sim ulated tube

mode according to the following th er
mocycling regime: 1 x (60 s 94°C); 35 x 
(30 s 92°C, 60 s 57°C, and 45 s + 1 s 
cycle-1 68°C); and 1 x (5 min 68°C). 
PCR products w ere exam ined by 2 % 
agarose gel electrophoresis (2 % ag a
rose; 0.5 x TBE; 1 x TBE = 90 mM Tris- 
borate, 2 mM EDTA, pH 8.3), with stan
dard  ethidium  bromide staining to 
confirm product size and estimate DNA 
concentration.

Approximately 200 ng PCR product 
was loaded per sample for DGGE 
analysis according to the protocol 
described by M uyzer et al. (1993) as 

modified by Kowalchuk et al. (1997). DGGE gels used 
a gradient of 35 to 50% dénaturant (100% dénaturant 
= 7 M urea and 40 % formamide) and w ere run at 60°C 
on a Protean II electrophoresis system (BioRad Labora
tories; Hercules, C A, USA) for 16 h at 75 V. DNA frag
m ents of known ammonia-oxidizer sequence cluster 
affinity (present Fig. 3 and S tephen et al. 1996) w ere 
run  alongside environm ental samples to act as controls 
for subsequent hybridization analysis. DNA was stained 
using ethidium  brom ide and rinsed twice for 15 min in 
0.5 x TAE buffer (48.22 g Tris base, 2.05 g anhydrous 
sodium acetate, 1.86 g Na2EDTA • 2 H20 , pH 8 in 1 1 
deionized water) prior to UV transillumination. Gel 
im ages w ere captured digitally using The Im ager Sys
tem  (Appligene, Illkirch, France). DNA from DGGE 
gels was transferred to H ybond-N+ nucleic acid trans
fer m em branes (Amersham International, Bucks, UK), 
using a BioRad semi-dry transblotter SD according to 
M uyzer et al. (1993). Transferred DNA was subse
quently denatured  (DNA-side down) and sim ultane
ously cross-linked to the m em brane by soaking in 
0.4 M NaOH, 0.6 M NaCl on W hatm an 3 mm (What
man, Kent, UK) filter paper. M em branes w ere similarly 
neutralized w ith 1 M NaCl, 0.5 M Tris/HCl (pH 8.0). 
Hybridization analyses and quantification of hybrid
ization signals w ere conducted according to Stephen 
et al. (1998), using a hierarchical set of oligonucleotide 
probes designed for the identification of the previously 
recognized sequence clusters w ithin the ß-subclass 
ammonia-oxidizer clade (Fig. 3). Recent evidence now 
allows the specific detection of sequence subgroups 
w ithin Nitrosomonas Cluster 6, as proposed by Stephen 
et al. (1996). This sequence cluster has previously been 
detected  in a variety of environm ents (McCaig et al. 
1994, S tephen et al. 1996), and a subgroup of this clus
ter, currently term ed Cluster 6a, has recently been  pos
tu lated (Speksnijder et al. 1998). This monophyletic 
group of 16S rDNA sequences has been recovered 
from soil and freshw ater sedim ent environm ents, and 
the oligonucleotide probe NmoCL6a_205 has been
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used in conjunction with specific PCR-DGGE for their 
detection (Stephen et al. 1996, 1998, Speksnijder et al. 
1998). The phylogenetic relationship of strains and
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Fig. 3. Neighbor-joining tree of selected ß-subclass Proteobacteria 16S rDNA 
sequences. Tree highlights the ammonia-oxidizer-like sequences found, and is 
constructed using partial 16S rDNA sequences as described in 'M aterials and 
m ethods'. Sequences with num ber designations correspond to the denaturing 
gradient gel electrophoresis (DGGE) bands in Fig. 4. Band and sequence desig
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the Brussels w astew ater DGGE pattern  in Fig. 4C. Comparative environm ental 
clone sequences w ere recovered from m arine sediments (prefixed with Env: 
Stephen et al. 1996), soil with low pH (pH4.2A/23: Stephen et al. 1996), fresh
w ater lake sedim ent (Gm8: Speksnijder et al. 1998), and estuarine w ater (Ws26 
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sequences grouped into Nitrosomonas C luster 6b is as 
yet uncertain, and this group currently represents all 
Nitrosomonas Cluster 6 sequences that do not fall 

within the Nitrosomonas Cluster 6a 
clade (Fig. 3). The DGGE pattern  ob
tained for the Brussels w astew ater sam 
ple was not subjected to hybridization 
analysis. The relative intensities of 
DGGE bands for this sample w ere esti
m ated by quantification of ethidium  
bromide staining using the ImageM as- 
ter Elite software package (Version 
3.01, Amersham Pharm acia Biotech, 
Uppsala, Sweden).

DGGE band excision and sequence 
analysis. Only the central section of 
selected DGGE bands was excised for 
subsequent DNA re-amplification. Each 
gel fragm ent (approximately 2 mm3 
acrylamide) was placed in a 2.0 ml 
screw-cap tube, containing 300 pi TE 
buffer and 0.3 g 1 mm-diam. zirconium 
beads. Tubes w ere shaken for 30 s 
(5000 rpm in a m ini-beadbeater and 
incubated for 3 h at 4°C. After gel frag
m ents had been collected at the bottom 
of the tube by 15 s centrifugation, 5 pi of 
the supernatant was recovered to act as 
tem plate DNA for subsequent PCR. 
Each 25 pi PCR mixture contained 1.25 
units Taq DNA polym erase (Boehrin
ger), 1.5 mM M gCl2, 10 mM Tris/HCl 
(pH 8.3), 50 mM KC1, 0.01% w/v 
gelatin, 200 pM of each deoxynu- 
cleotide, and 5 pM each of the CTO 
189Í-GC and CT0654r primers (Kowal
chuk et al. 1997). Amplification was 
performed using a thermocycling regime 
of 28 x (60 s 95°C, 60 s 57°C, 45 s + 1 s 
cycle-1 72°C). From each PCR, 5 pi was 
subjected to DGGE as described above 
to confirm recovery of the desired band. 
Sequencing reactions used 5 pi of each 
reaction tem plate w ithout further puri
fication. Sequencing was perform ed 
with the Therm osequenase kit (Amer
sham) according to the m anufacturer's 
recom m endations using the bacterial- 
specific 16S rDNA primers, 357f and 
518r (Edwards et al. 1989) labeled with 
Texas Red. Sequencing reactions w ere 
run and analyzed on a Vistra DNA 
sequencer 725 (Amersham). Sequence 
data w ere edited and assem bled in the 
Sequencer 3.0 software package (Gene
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Codes Corporation, Ann Arbor, MI, USA), and format 
conversions w ere carried out in Seqapp 1.9al69 (D. G. 
Gilbert 1993: available by ftp.bio.indiana.edu).

Phylogenetic analysis of recovered 16S rDNA se
quences was performed as described previously (Spek
snijder et al. 1998). Sequence alignm ents included 
sequences from the ribosomal database project (RDP: 
M aidak et al. 1999) and spanned 430 nucleotide posi
tions. Optimization of alignm ents was perform ed in the 
dedicated comparative sequence editor program  (de 
Rijk & de W achter 1993, van de Peer et al. 1997) using 
recognized 16S rRNA secondary structures (van de 
Peer et al. 1997). Sequence comparisons used 432 
informative positions of 16S rDNA sequence that could 
be unam biguously aligned for all recovered sequences 
and selected databank  reference sequences. Tree con
struction was perform ed w ith the Treecon program  
(van de Peer & de W achter 1994) using neighbor-join
ing analysis and matrix calculation according to the 
method of Jukes & Cantor (1969). Gaps w ere not taken 
into account, and bootstrap analysis was based upon 
100 replicates. Novel partial 16S rDNA sequences 
determ ined in this study have been deposited into the 
EMBL sequence databank  under Accession Numbers 
AJ132047-A J132062.

for different periods of time. A lthough it w as observed 
that older filters yielded slightly less DNA than fresher 
filters, it is not known w hether the 1995 samples con
tained less DNA, or if prolonged storage affected the 
efficiency of DNA recovery (results not shown). Spe
cific PCR amplification of 16S rDNA using the 
CT0189f-GC and CT0654r primers yielded positive 
results in all cases.

DGGE analysis of recovered PCR products revealed 
3 to 10 bands per sample (Fig. 4). For upstream  sample 
sites, the most dom inant bands occurred relatively 
high in the gel, showing m igration within the range of 
controls for Nitrosomonas Clusters 6a, 6b, and 7 (N. 
europaea and N. eutropha belonging to the last). At 
more seaw ard sites, bands lower in the gel, com para
ble in migration to Nitrosomonas C luster 5 and several 
Nitrosospira sequence cluster controls, becam e most 
dominant. Although all sam pling dates showed this 
trend, the exact position and extent of the shift varied 
in a fashion similar to the nutrient profiles described 
above. The Brussels w astew ater sample produced a 
very strong band  high in the gel, suggestive of N itro
somonas Clusters 6a, 6b or 7, as well as 3 additional 
bands lower in the gel, m igrating w ithin the range of 
several Nitrosospira controls (Fig. 4C).

RESULTS 

Characterization of environmental conditions 
along the estuary

The upper reaches of the estuary typically contained 
low dissolved oxygen levels, low salinity, and a high 
ammonia to nitrate ratio (Fig. 2, Table 1). The situation 
was reversed in the lower, more saline parts of the 
estuary. Variation betw een sam pling dates w ith re 
spect to salinity and other environm ental gradients 
was mostly influenced by tides, as previously found in 
the Schelde (Soetaert & H erm an 1995a,b). The brack
ish zone (near the city of Antwerp) contained sharp 
gradients in all these variables (Fig. 2, Table 1). It is in 
this portion of the estuary that maximum nitrification 
has been  observed (Somville 1984, de Wilde & de Bie 
2000). The locations of the steepest gradients in nutri
ents and oxygen concentration w ere betw een Stns 4-8 , 
3 -5 , and 3 -6  for the June  1995, July 1996, and October 
1996 sam pling dates, respectively.

Recovery of 16S rDNA and DGGE analysis

All DNA extractions from filtered samples w ere p er
formed at the same time. Thus, DNA extractions w ere 
perform ed using samples that had been stored at -80°C

Hybridization and sequence analysis of DGGE 
banding patterns

Previous DGGE studies have shown that migration 
behavior alone is not a good predictor of phylogenetic 
affinity w ith respect to ammonia-oxidizer 16S rDNA 
fragm ents (Kowalchuk et al. 1997, 1998). We therefore 
characterized DGGE bands by hybridizing DGGE 
banding patterns w ith a battery of 16S rD NA-targeted 
oligonucleotide probes, specific at different taxonomic 
levels w ithin the ß-subclass ammonia-oxidizing bacte
ria (Stephen et al. 1998). However, an all ß-subclass 
ammonia oxidizer-specific probe, ß-A0233 (Stephen et 
al. 1998), failed to hybridize with some DGGE bands, 
suggesting that these might not contain sequences 
falling within the Nitrosospira/Nitrosomonas radiation. 
Excision, re-amplification, sequence determination, and 
phylogenetic analysis of such bands (06-95.7-9', 07- 
96.5-7, and 10-96.6: Figs. 3 & 4) placed their sequences 
outside the Nitrosospira/Nitrosomonas clade. These 
bands w ere excluded from further analyses. The re 
covery of some non-ammonia-oxidizer sequences with 
these primers has been  noted previously (Kowalchuk 
et al. 1998, 2000), and their presence did not interfere 
with the further analysis of sequences w ithin the ß- 
subclass ammonia-oxidizer radiation.

The diversity w ithin 16S rDNA sequences belonging 
to the genus Nitrosomonas is g reater than that found

ftp://ftp.bio.indiana.edu
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for the Nitrosospira genus (Pommerening-Röser et al. 
1996). Given the current available sequence inform a
tion, it is not yet possible to assess the specificity and 
accuracy of probes designed for the detection of phylo
genetic lineages within the genus Nitrosomonas 
(Stephen et al. 1998, U taaker & Nes 1998). We th e re 
fore excised all the bands from environm ental DGGE 
patterns for sequence analysis to confirm hybridization 
results (see below) and allow for the phylogenetic 
placem ent of recovered Nitrosomonas-like sequences. 
Bands with the same DGGE mobility across sample 
locations produced identical sequences, and w ere in 
cluded only once in the phylogenetic analysis (Fig. 3). 
Quantification of hybridization signals and sequence 
analysis of excised bands revealed a shift in the p re 
dom inant ß-subclass ammonia-oxidizer-like sequences 
detected along the estuary transect (Fig. 5). Upstream

regions of the estuary displayed a dom inance of 16S 
rDNA sequences classified as Nitrosomonas Cluster 
6a (Fig. 5). In contrast, a novel Nitrosomonas-like  se
quence group was observed in lower reaches of the 
estuary. This shift was observed for all 3 sampling 
dates, although not always to the same degree or at the 
exact same position along the estuary. Moving sea
ward, the point in the estuary w here the novel Nitro
somonas-like  sequences first becam e abundantly d e
tected was betw een Stns 6 and 8 for the June 1995 
sample, at Stn 4 for the July 1996 sample, and at Stn 5 
for the October 1996 sample. The position of the 
sharpest ammonia-oxidizer community shift for all 3 
dates corresponded to the point in the estuary w here 
salinity values w ere approxim ately 10 ppt, oxygen sat
uration levels w ere around 40%, and ammonia con
centration dropped below 15 pM (Fig. 2, Table 1).
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Fig. 4. PCR-DGGE analysis of amm onia-oxi
dizer-like 16S rDNA fragm ents along the 
Schelde estuary for (A) June 1995, (B) July 
1996 and (C) October 1996; N um bers above 
lanes (1-8): stations num bered in Fig. 1; C: 
cloned sequence cluster-controls, num bered 
according to sequence cluster designations 
of Stephen et al. (1996), as described in 
Kowalchuk et al. (1997); band labels with a 
prime: bands contain a 1 base pair difference 
from their nam esake sequences that was 
introduced due to an ambiguous position in 
the C T0654r prim er (Kowalchuk et al. 1997) 
(sequences from such bands w ere not in 
cluded in the phylogenetic analysis); Con. 
Mix: lanes from control PCRs, for which the 
tem plate consisted of a mixture of chromoso
mal DNA from 3 pure culture strains (N itro
somonas eutropha, N. europaea and N itro
sospira briensis); Br: lane in (C) contains 
DNA recovered from Brussels w astew ater 
sample; arrows indicate position of the 
bands excised for sequence determination. 
Phylogenetic placem ent of DGGE band 
sequences and description of band labeling is 

given in Fig. 3
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E U  = unknown Nitrosospira-like 
sequence (Br.2)

ESS = unknown Nitrosospira-Yikc 
sequence (Br.3 & Br.3’)

■  =  Nitrosospira cluster 3

EU] = Novel Nitrosomonas- like 
sequence group

S 3  =  Nitrosomonas marina-like 
sequences

□  =  Nitrosomonas cluster 6a

A B C  A B C  A B C  A B C  A B C  A B C  A B C  C
1 2 3 4 5 6 8 7 7 Br

Fig. 5. Distribution of detected ß-subclass ammonia-oxidizer-like sequences across Schelde estuary. DGGE gels shown in Fig. 4 
w ere hybridized with an hierarchical set of oligonucleotide probes for identification and quantification of DGGE bands (Stephen 
et al. 1998). 1-8: sampling stations; A, B, C: sam pling dates June 1995, July 1996, and October 1996, respectively. Relative 
am ount of each specific sequence cluster, as detected by specific hybridization, is given with respect to the hybridization signal 
with probe ß-A0233, which targets all ammonia-oxidizers (Stephen et al. 1998). The cumulative signal from sequence cluster- 
specific probes could explain 95 to 103 % of the all ß-subclass amm onia-oxidizer hybridization signal. Results w ere standardized 
to 100% for graphical presentation. Values for the Brussels w astew ater sample w ere determ ined by the quantification of

ethidium  brom ide fluorescence

Nitrosomonas-like sequences, which were most close
ly related to the culture strain N. marina Nm22 (06- 
95.2, 07-96.2, and 10-96.2), w ere also detected along 
the entire estuary transect sampled. Hybridization sig
nals for these bands represented  0 to 10% of the total 
ß-subclass ammonia-oxidizer-specific signal, and no 
trends with respect to location or sampling date w ere 
apparent. No clear Nitrosospira-like DGGE bands 
w ere related in the estuarine samples by ethidium  bro
mide staining, due to the w eak nature of the signal and 
the overlap with other, more dominant, DGGE bands. 
Nitrosospira-specific hybridization signals w ere char
acterized as Nitrosospira Cluster 3. These signals con
stituted less than 2 % of the total recovered PCR prod
uct in all estuarine samples. Sequence results from 
excised bands agreed with the phylogenetic predic
tions based upon hybridization analysis in all cases 
examined.

DGGE bands from the Brussels sample w ere also 
sequenced. The sequence of the upperm ost band (Br. 1) 
placed it w ithin Nitrosomonas Cluster 6a (Fig. 3). The 
rem aining 3 bands (Br.2, Br.3, and Br.3') produced 
Nitrosospira-like sequences. The Br.2 sequence con
tained the probe site characteristic of m em bers of 
Nitrosospira Cluster 4 (Stephen et al. 1998). However, 
the existence of several am biguities in the nucleotide 
sequence did not allow accurate phylogenetic analysis 
to the sequence cluster level. The lowermost bands 
(Br.3 and Br.3') also contained several am biguous

nucleotide positions, which corresponded to highly 
variable regions of the 16S rRNA gene; here again, 
sequence cluster level characterization was not possi
ble. These bands may have consisted of multiple 
Nitrosospira-like sequences.

DISCUSSION

A shift was observed in the ß-subclass ammonia-oxi
dizer populations detected along the estuary within 
the region w here gradients with respect to salinity, dis
solved 0 2, and ammonia w ere sharpest, and w here 
ammonia oxidation was highest (de Wilde & de Bie 
2000). The physiological significance of detecting dif
ferent phylogenetic groupings of ammonia-oxidizer
like 16S rDNA sequences is not yet known. However, 
the fact that different ammonia-oxidizer groups w ere 
detected under the different environm ental conditions 
along the estuary, and that these changes w ere stable 
with regard  to the steepest environm ental gradients 
over sampling dates, implies that these changing con
ditions may affect ammonia-oxidizer growth, activity 
and/or survival in the estuary. Bacteria showing affin
ity with Nitrosomonas Cluster 6a w ere the most domi
nantly detected ß-subclass ammonia oxidizers in the 
upper reaches of the estuary, w here freshwater, low 
oxygen and high ammonia conditions prevail. Se
quences showing affinity with this sequence cluster
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have previously been detected  in soil, freshwater, and 
freshw ater sedim ent (Stephen et al. 1996, 1998, Spek
snijder et al. 1998). These authors suggested that the 
distribution of this specific Nitrosomonas lineage may 
be restricted to non-m arine environm ents, and the 
decrease in Nitrosomonas Cluster 6a detection in the 
lower estuary samples would support this hypothesis. 
Speksnijder et al. also detected  this group of se
quences in nearly anoxic sedim ent layers, suggesting a 
level of tolerance to low oxygen conditions. Although it 
has been  dem onstrated that ammonia-oxidizing bacte
ria can adapt to low-oxygen environm ents, this ability 
may not be equally present in all phylogenetic groups 
(Smorczewski & Schmidt 1991, Bodelier et al. 1996). 
Given the m ethods used, the activity of the detected 
bacteria could not be assessed, and some may be p re 
sent in inactive forms, potentially more resistant to 
adverse environm ental conditions. The dom inance of 
Nitrosomonas C luster 6a in upstream  estuary samples 
may also be affected by input of ammonia-oxidizing 
bacteria from untreated  w astew ater into the estuary, 
although it should be stressed that the Brussels w aste
w ater represents but one of many potential sources of 
nitrifying bacteria introduced into the estuary. Such 
w astew ater samples have previously been  shown to 
contain high ammonia-oxidizer biomass (Brion 1997), 
and a representative w astew ater sample was also 
dom inated by Nitrosomonas Cluster 6a. It may be that 
such organism s survive well after being released into 
the upper estuary, despite the long stretch of the estu 
ary before entering the region studied. Their decline 
lower in the estuary might be explained by either a 
lack of tolerance to changing environm ental conditions 
or a decreased ability to com pete w ith other organisms 
for substrate. Previous studies of activated sludge sam
ples have also detected high num bers of Nitrosomonas- 
like  bacteria, although these populations belonged to 
the Nitrosomonas Cluster 7 lineage (Mobarry et al. 
1996, W agner et al. 1996).

Nitrosomonas C luster 6a is displaced by a novel 
Nitrosomonas-like  group further down the estuary sys
tem. This shift coincides w ith sharp increases in salin
ity and 0 2 concentration, as well as a sharp decrease in 
ammonia concentration in the estuary. The exact curve 
of the nutrient and salinity values is the result of sev
eral biological and physical processes (Soetaert & H er
m an 1995b). While nitrogen salts in the upper estuary 
are mainly controlled by microbiological activity, the 
location of maximum activity, both w ith regard  to sta
tion position and salinity, is influenced by the tidal 
regim e, freshw ater discharge, and wind. As shown in 
Table 1, suspended m atter values vary along the estu 
ary, and the distribution of the novel Nitrosomonas- 
like group coincides w ith lower SPM values in the 
dow nstream  reaches of the estuary. Thus, the distribu

tion of different ammonia-oxidizer populations through
out the estuary may be influenced by differential 
strategies of either free-living or particle-bound life
styles. Separate analyses of particulate and pelagic 
samples would address this issue (Phillips et al. 1999). 
Strains affiliated w ith the novel Nitrosomonas lineage 
may be well adapted to the environm ental conditions 
present in the lower regions of the estuary. However, 
the relative shift betw een phylogenetic groupings is 
not strong evidence of grow th of specific nitrifier types, 
as the decrease in the overall num ber of nitrifiers at the 
most dow nstream  locations may lead to the dilution 
of certain populations (Billen 1975). The increase in 
the relative proportion of these Nitrosomonas-like 
sequences lower in the estuary could also be due to 
am monia-oxidizer inoculation or nutrient addition via 
land run-off or other point or non-point sources along 
its way to the sea. Although one cannot exclude this 
possibility, 2 lines of evidence speak against this expla
nation. Firstly, previous studies on nutrient concentra
tion along the region of the estuary under study have 
never revealed nutrient point sources that m easurably 
increased local nutrient concentrations (Soetaert & 
H erm an 1995a,b). Also, the city of Antwerp, situated at 
the point w here ammonia-oxidizer population shifts 
w ere observed, utilizes advanced w aste-treatm ent sys
tems, which release only negligible bacterial biomass 
and nutrients into the estuary. In contrast, w aste from 
the urban area of Brussels is untreated, providing a far 
g reater potential source of both nitrifying organisms 
and nutrients (Brion & Billen 1997). Secondly, te rres
trial environm ents, similar to the agricultural soil sys
tems adjacent to the Schelde estuary, have previously 
been  shown to contain ammonia-oxidizer communities 
dom inated by Nitrosospira-like bacteria (Stephen et al. 
1996, 1998, Hastings et al. 1998).

The physiological differences betw een  the 2 main 
Nitrosomonas lineages detected  across the estuarine 
transect studied are not yet known, and no pure cul
tures are available yet to exam ine their differential 
responses to the environm ental gradients encountered 
in the Schelde estuary. However, know ledge of the 
distribution of these populations should help in the 
developm ent of the necessary enrichm ent and isola
tion strategies.

Minority populations of Nitrosospira C luster 3 and a 
Nitrosomonas marina-like bacterium  w ere also identi
fied across the estuarine system. The former group has 
previously been  detected  in terrestrial and freshw ater 
environm ents (Hiorns et al. 1995, S tephen et al. 1996, 
1998, Hastings et al. 1998), but only represents a small 
fraction of the total recovered ß-subclass ammonia-oxi
dizer sequences in this estuary environm ent. As the 
nam e suggests, N. marina Nm22 and closely related 
strains have previously been  detected  in m arine envi-
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ronm ents and are obligatorily halotrophic (McCaig et 
al. 1994, 1999, Pommerening-Röser et al. 1996). The 
detection of the sequences 06-95.2, 07-96.2, and 10- 
96.2 in the freshw ater reaches of the estuary suggests 
that strains closely related  to N. marina might not be 
strictly limited to saline environments.

Despite the im portance of nitrification in estuarine 
habitats (Owens 1986, Soetaert & H erm an 1995b), few 
studies to date have addressed ammonia-oxidizer com 
m unity structure in this habitat (Murray et al. 1996). A 
previous study, based on the cloning of ammonia-oxi
dizer-like 16S rDNA sequences after semi-specific 
PCR, also detected  Nitrosomonas-like  sequences at 
Sampling Stn 4 within the Schelde estuary (Spek
snijder et al. 1998). Among the limited num ber of am- 
monia-oxidizer-like clones examined, only sequences 
showing affinity w ith the genus Nitrosomonas w ere 
recovered, including sequences from the Nitrosom o
nas C luster 6a and N. marina lineages detected  in the 
present study (Fig. 3). Nitrifying bacteria have also 
been  studied in the Elbe estuary, w here several Nitro
somonas-like  lineages have been  isolated (Stehr et al.
1995) or detected  by fluorescent in situ  hybridization 
(Wagner et al. 1996). Although Nitrosospira-like bac te
ria w ere observed, most detected  strains w ere related 
to either Nitrosomonas ureae or N. europaea.

As is the case with most molecular studies of am m o
nia oxidizers, the present study has focussed upon 
bacteria of the ß-subclass Proteobacteria. However, 
ammonia-oxidizing bacteria of the genus Nitrosococ
cus, w ithin the y-subclass Proteobacteria, may also be 
present in the estuarine system exam ined. This possi
bility is especially relevant to the lower, more saline 
reaches of the estuary, given the currently recognized 
distribution of this genus (Ward & Carlucci 1985). The 
developm ent of similar m ethods to those used here for 
the direct detection of y-subclass ammonia-oxidizing 
bacteria may prove essential in improving our under
standing of their role in the environm ent. It should also 
be stressed that the present study targeted  16S rDNA, 
and therefore could not discriminate betw een active 
and dorm ant cells. Studies designed to detect active 
cells, for instance by targeting  16S rRNA (Felske et al.
1996) or ammonia-oxidizer-specific mRNAs by reverse 
transcriptase PCR, should be helpful in this respect.

The efficiency of DNA extraction may affect the 
accuracy of community fingerprinting techniques such 
as PCR-DGGE. Ammonia-oxidizing bacteria tend to 
form tight clusters or attach to particulate matter, 
which can prevent their lysis during DNA isolation 
procedures (Schramm et al. 1998). For this reason, we 
used a highly rigorous m ethod for DNA isolation, the 
addition to which of freeze-thaw  steps or additional 
bead-beating  did not lead to the liberation of more 
DNA or additional DGGE bands (results not shown). In

addition to environm ental gradients, the distribution of 
other microbial community m em bers may influence 
ammonia-oxidizer populations. Although a previous 
study of ammonia-oxidizing bacteria in freshw ater 
sedim ent environm ents dem onstrated that ammonia- 
oxidizer and eubacterial communities can vary inde
pendently  (Speksnijder et al. 1998), this possible influ
ence certainly cannot be discounted.

Several environm ental param eters vary across the es
tuarine transect studied. Given the bacterial residence 
time in the estuary, both adaptation and selection are 
possible w ithin the ammonia-oxidizer communities 
present. A lthough some ammonia-oxidizing bacteria 
are known to be able to adapt to low oxygen environ
m ents (Bodelier et al. 1996, Kowalchuk et al. 1998, 
Speksnijder et al. 1998), exposure to low oxygen condi
tions can also affect ammonia-oxidizer diversity and 
community structure (Smorczewski & Schmidt 1991). 
Similarly, adaptation to increasing salt concentrations is 
possible for some ammonia oxidizers (Helder & de Vries 
1983, Somville 1984). However, certain strains appear 
to be particularly well suited to high salt conditions 
(Pommerening-Röser et al. 1996), and different am m o
nia-oxidizer populations have been detected  in the 
comparison of freshw ater and saltw ater aquaria (Hov- 
anec & DeLong 1996). Ammonia-oxidizing bacteria also 
undergo physiological adaptations in response to low 
amm onia availability (Laanbroek & W oldendorp 1994). 
Despite these adaptive capabilities, phylogenetic dif
ferences within the genus Nitrosomonas are known to 
be reflected in their ammonia sensitivities and half
saturation constant (Ks) values of ammonia oxidation 
(Suwa et al. 1997). In addition to the environm ental g ra 
dients discussed above, other less readily apparent e n 
vironm ental factors may also influence the distribution 
of ammonia-oxidizer populations in this estuarine sys
tem. Thus, although the current study suggests that the 
environm ental gradients encountered in the estuarine 
environm ent affect ammonia-oxidizer community 
structure, it is not yet possible to determ ine the influ
ence of individual environm ental factors. However, 
know ledge of the distribution and diversity of ß-sub- 
class ammonia-oxidizer populations along the Schelde 
estuary now allows for the design of experim ents to test 
w hich environm ental factors most influence their distri
bution, and provides clues into strategies for their e n 
richm ent and isolation.
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