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Recently, four Thiomicrospira strains were isolated from a coastal mud flat of the German Wadden Sea (T.
Brinkhoff and G. Muyzer, Appl. Environ. Microbiol. 63:3789–3796, 1997). Here we describe the use of a
polyphasic approach to investigate the functional role of these closely related bacteria. Microsensor measure-
ments showed that there was oxygen penetration into the sediment to a depth of about 2.0 mm. The pH
decreased from 8.15 in the overlaying water to a minimum value of 7.3 at a depth of 1.2 mm. Further down in
the sediment the pH increased to about 7.8 and remained constant. Most-probable-number (MPN) counts of
chemolithoautotrophic sulfur-oxidizing bacteria revealed nearly constant numbers along the vertical profile;
the cell concentration ranged from 0.93 3 105 to 9.3 3 105 cells per g of sediment. A specific PCR was used
to detect the presence of Thiomicrospira cells in the MPN count preparations and to determine their 16S rRNA
sequences. The concentration of Thiomicrospira cells did not decrease with depth. It was found that Thiomi-
crospira strains were not dominant sulfur-oxidizing bacteria in this habitat. Denaturing gradient gel electro-
phoresis (DGGE) of PCR-amplified 16S ribosomal DNA fragments followed by hybridization analysis with a
genus-specific oligonucleotide probe revealed the diversity of Thiomicrospira strains in the MPN cultures.
Sequence analysis of the highest MPN dilutions in which the genus Thiomicrospira was detected revealed that
there were four clusters of several closely related sequences. Only one of the 10 Thiomicrospira sequences
retrieved was related to sequences of known isolates from the same habitat. Slot blot hybridization of rRNA
isolated from different sediment layers showed that, in contrast to the concentration of Thiomicrospira cells, the
concentration of Thiomicrospira-specific rRNA decreased rapidly in the region below the oxic layer of the
sediment. This study revealed the enormous sequence diversity of closely related microorganisms present in
one habitat, which so far has been found only by sequencing molecular isolates. In addition, it showed that most
of the Thiomicrospira populations in the sediment studied were quiescent.

The rRNA approach (25, 26), which involves using rRNA as
a molecular marker to detect and identify particular bacteria in
their natural habitats (3) and to explore microbial diversity
without cultivation (6, 7), is routinely used in microbial eco-
logical studies. In some studies, the molecular approach has
been combined with microbiological methods in an attempt to
isolate the relevant microorganisms (13). In other studies mo-
lecular biological techniques have been used in combination
with geochemical techniques or with microsensors (see refer-
ence 4 for an overview) to characterize environmental param-
eters. However, molecular biological techniques, microbiolog-
ical methods, and geochemical techniques or microsensors
have been used together in only a few studies (28, 37). Never-
theless, combining techniques and concepts from different dis-
ciplines is necessary to obtain a better understanding of the
interactions between microorganisms and their natural envi-
ronments, which is the aim of microbial ecology. Here we
describe the use of a comprehensive approach to study the
functional role of different closely related Thiomicrospira
strains in one habitat, an intertidal mud flat.

Thiomicrospira species are chemolithoautotrophic bacteria
that use reduced sulfur compounds as energy sources and CO2

as a carbon source; they are obligate aerobes (18). 16S rRNA
sequence comparisons have shown that these organisms form a
monophyletic group within the gamma subdivision of the class
Proteobacteria (8, 22). In a recent study we demonstrated the
ubiquity of the genus Thiomicrospira in environments in which
reduced sulfur compounds are present (8). In addition, we
were able to isolate Thiomicrospira species from most of these
habitats and demonstrated that the species diversity within this
genus is high. Four isolates, strains JB-A1, JB-A1F, JB-A2, and
JB-B2, were obtained from a sample taken from an intertidal
coastal mud flat of the Jadebusen Bay, which is part of the
German Wadden Sea. Comparative sequence analysis of their
16S rRNA genes demonstrated that these isolates were phylo-
genetically affiliated with different members of the genus Thio-
microspira. Two of the isolates from the Jadebusen sediment,
strains JB-A1 and JB-A2, were biochemically and physiologi-
cally characterized and were recently described by Brinkhoff
and coworkers (9) as members of two new species of the genus
Thiomicrospira (17), Thiomicrospira kuenenii (JB-A1) and
Thiomicrospira frisia (JB-A2). Another isolate, strain JB-A1F,
had a 16S rRNA sequence that was identical to the 16S rRNA
sequence of Thiomicrospira pelophila (17). The fourth isolate,
JB-B2, was phylogenetically related to Thiomicrospira cruno-
gena. In addition to our isolates, members of three Thiomicro-
spira species, T. pelophila (17), Thiomicrospira denitrificans
(39), and Thiomicrospira thyasirae (46, 47), were isolated from
this habitat. The presence in one habitat of several Thiomicro-
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spira isolates that exhibited only minor differences in their
genotypic and phenotypic features prompted us to study the
abundance and vertical distribution of the organisms in the
sediment in order to determine niche differentiation. To do
this, we used tools and techniques from different disciplines.
Microsensor measurements were performed with sediment
cores to determine environmental parameters, such as oxygen
and sulfide contents and pH (19, 31). In parallel, two addi-
tional cores were sliced, and the slices were used for molecular
biological and microbiological analyses. The most-probable-
number (MPN) technique was used to determine the relative
abundance of chemolithoautotrophic sulfur-oxidizing bacteria.
A genus-specific PCR (8) allowed us to detect Thiomicrospira
species in the cultures. Denaturing gradient gel electrophoresis
(DGGE) analysis of 16S ribosomal DNA (rDNA) fragments
(see reference 24 for an overview) obtained after enzymatic
amplification with primers specific for the domain Bacteria,
followed by hybridization analysis with a Thiomicrospira-spe-
cific oligonucleotide probe (8), was used to identify different
Thiomicrospira strains in the MPN tubes. In addition, primers
specific for Thiomicrospira 16S rDNA (8) were used to obtain
DNA fragments for a sequence analysis. rRNA slot blot hy-
bridization (29, 36) was performed to determine the abun-
dance of 16S rRNA in different sediment layers and to infer
the physiological status of the Thiomicrospira populations
present.

The results of this polyphasic approach showed that many
different Thiomicrospira populations were present down to a
depth of 40 mm. As a significant amount of Thiomicrospira-
specific rRNA was present only in the oxic layer of the sedi-
ment, we concluded that only the Thiomicrospira populations
living in the oxic part of the sediment were metabolically ac-
tive.

MATERIALS AND METHODS

Sampling. Three cores (diameter, 5 cm; length, 20 cm) were taken from an
intertidal coastal sediment of the Jadebusen Bay, which is part of the German
Wadden Sea, on 25 September 1996. The sediment cores were taken during low
tide. During high tide the water was ca. 35 cm deep at the sampling side. The air,
water, and sediment temperature was 8°C when the samples were taken. The
salinity was 35‰. The cores were taken directly to the laboratory for further
analysis. In addition, seawater was obtained from the same location.

Microsensor measurements. Microsensor measurements for each sediment
core were obtained at 15°C in a flow cell with aeration and circulation of filtered
Jadebusen water. The oxygen concentration in the flow cell was kept at the air
saturation value. Measurements were obtained at a light intensity of 830 micro-
einsteins/m2/s. Microsensors mounted on micromanipulators were positioned at

the sediment surface by using a dissecting microscope. Profiles were recorded by
penetrating the sediment in 100-mm steps with the micromanipulator.

Microsensors were used to measure the oxygen content (32), the hydrogen
sulfide content (16, 20), and the pH (31). The oxygen and pH electrodes were
calibrated as described previously (32). The H2S microsensor was calibrated for
total dissolved sulfide by measuring the signal in a dilution series prepared with
a standard solution (sulfide dissolved in Jadebusen water flushed with nitrogen to
avoid oxidation of sulfide). The concentration of total dissolved sulfide (H2S,
HS2, S22) in the dilution series was determined by chemical analysis (11).

Slicing of sediment cores. The cores used for MPN counts and RNA extraction
were sliced by pushing the sediment up in the Plexiglas cylinder which was used
for sampling. Every 2 mm a layer was scraped off with a sharp spatula. The
sediment in each layer was stirred before it was used for MPN counting in order
to obtain even distribution of the cells. The sediment samples used for RNA
isolation were frozen directly in liquid nitrogen and stored at 280°C until they
were used.

MPN counts of sulfur-oxidizing bacteria. MPN counts were determined for
the first four layers of the sediment (i.e., depths of 0 to 2, 2 to 4, 4 to 6, and 6 to
8 mm) and then for every second layer (i.e., depths of 10 to 12, 14 to 16, 18 to
20 mm, etc.). Altogether, 12 layers, spanning a total sediment depth of about 4
cm, were investigated. Tubes containing 9.9 ml of T. pelophila medium (17) were
inoculated with 0.1 g of sediment, and the contents were vigorously mixed. Using
these tubes, we prepared dilution series with 1:10 steps. The cultures were
incubated at 20°C in the dark to avoid growth of phototrophic bacteria. The
sulfur-oxidizing bacteria in the different layers were counted by using a threefold
MPN dilution series. Cultures were incubated for 4 weeks. Growth was deter-
mined by monitoring changes in the color of the pH indicator. The presence of
Thiomicrospira cells in the MPN cultures was determined by using a Thiomicro-
spira-specific primer set (8) in a PCR performed with whole cells taken directly
from the cultures as sources of template DNA. The numbers of sulfur-oxidizing
bacteria and Thiomicrospira cells were determined by using the MPN index of the
American Public Health Association (5) in three parallel experiments.

Oligonucleotides used in this study. Details concerning the different oligonu-
cleotides used in this study are shown in Table 1. Oligonucleotides TMS128F and
TMS849R are specific for the 16S rDNA of bacteria belonging to the genus
Thiomicrospira (8) and have been used for PCR detection of Thiomicrospira
species in MPN cultures and for sequencing of the PCR products obtained. The
primer pair GM5F-907R amplifies the 16S rDNA of members of the domain
Bacteria and was used to obtain 550-bp fragments for DGGE analysis (22). The
probes used in the rRNA slot blot hybridization analysis were S-*-Univ-1392-a-
A-15 (27), which targets the 16S and 18S rRNA of all known forms of life, and
S-D-Bact-0338-a-A-18 (2), which is specific for members of the domain Bacteria.
Probes TMS849A and TMS849G target the 16S rRNA of members of the genus
Thiomicrospira; they are modifications of oligonucleotide TMS849R (Table 1).

Td of Thiomicrospira-specific probes. The temperature of dissociation (Td) of
each probe, defined as the temperature at which one-half of the bound probe was
released from the hybrid, was determined by using a graded-temperature wash
series as previously described (29). RNA isolated from T. frisia (9) and T.
crunogena (15) were used in the experiments performed to determine the Td of
Thiomicrospira-specific oligonucleotides TMS849A and TMS849G. Probe
TMS849A has no mismatch with the 16S rRNA of T. frisia and only one mis-
match with the 16S rRNA of T. crunogena. The opposite is true for probe
TMS849G; it has no mismatch with the 16S rRNA of T. crunogena and one
mismatch with the 16S rRNA of T. frisia. Both probes had a Td of 41°C and were
pooled for general detection of Thiomicrospira rRNA in slot blot hybridization
experiments. The combination of the two probes matches the 16S rRNA of all
known Thiomicrospira species.

TABLE 1. Oligonucleotides used in this study

Oligonucleotidea Sequence (59 to 39) Target site
(positions)b

Td/Ta
(°C)c Assay(s)d

GM5Fe CCT ACG GGA GGC AGC AG 341–357 —/55 1
907R CCG TCA ATT CCT TTR AGT TTf 907–926 —/55 1
TMS128F GAA TCT RCC CTT TAG TTGf 128–145 —/44 1,2
TMS849R CTT TTT AAT AAG RCC AAC AGf 830–849 52/44 1,2,3
TMS849A CTT TTT AAT AAG ACC AAC A 831–849 41/— 4
TMS849G CTT TTT AAT AAG GCC AAC A 831–849 41/— 4
S-*-Univ-1392-a-A-15g ACG GGC GGT GTG TRCf 1392–1406 44/— 4
S-D-Bact-0338-a-A-18g GCT GCC TCC CGT AGG AGT 338–355 54/— 4

a The suffixes F and R (forward and reverse, respectively) indicate the primer orientation in relation to the rRNA gene.
b E. coli numbering of 16S rRNA nucleotides (10).
c Td, dissociation temperature in the hybridization assays; Ta, annealing temperature in the PCR; —, not applicable.
d 1, PCR; 2, sequencing; 3, DNA hybridization; 4, rRNA slot blot hybridization.
e This primer has a GC-clamp attached to its 59 end (23).
f R, adenine-guanine degeneracy.
g Designation according to the Oligonucleotide Probe Database (http://www.cme.msu.edu./OPD/) (1).
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rRNA extraction and slot blot hybridization. Nucleic acids were isolated by
bead beating, phenol extraction, and isopropanol precipitation procedures based
on the method described by Stahl et al. (36) and MacGregor et al. (21), with
slight modifications. Sediment samples were resuspended in 120 mM NaPO4
buffer (pH 8) supplemented with 1% (wt/vol) polyvinylpolypyrrolidone (acid
washed as described by Holben et al. [14]) and then were mixed with phenol-
chloroform-isoamyl alcohol equilibrated with TE buffer (100 mM Tris [pH 8], 10
mM EDTA) to extract the nucleic acids. After precipitation, the nucleic acids
were resuspended in DNase buffer (6 mM MgCl2, 40 mM Tris; pH 7.5), treated
with DNase for 30 min, extracted again with phenol-chloroform-isoamyl alcohol,
and precipitated with ethanol. The RNA was blotted onto nylon membranes
(Magna Charge; Micron Separations, Westborough, Mass.) in triplicate and
probed with radioactively labeled oligonucleotides as described previously (36).
For the general probes, the membranes were prehybridized, hybridized at 40°C,
and washed at 44°C (probe S-*-Univ-1392-a-A-15) or at 54°C (probe S-D-Bact-
0338-a-A-18). For the Thiomicrospira-specific probes the membranes were pre-
hybridized and hybridized at 30°C and were washed at 41°C. The intensity of the
hybridization signal was measured with a Phosphor Imager (Molecular Dynam-
ics, Sunnyvale, Calif.) and was quantified by using an Escherichia coli rRNA
standard (Boehringer, Mannheim, Germany).

PCR amplification of 16S rDNA fragments. PCR amplification was performed
as described by Muyzer et al. (22). A touchdown PCR was performed with
primers GM5F and 907R. No touchdown PCR was used for primers TMS128F
and TMS849R (annealing temperature, 44°C).

DGGE analysis of PCR products. DGGE was performed by using the D-Code
system (Bio-Rad Laboratories, Inc.). The following conditions were used: 1-mm-
thick, 6% (wt/vol) polyacrylamide gels, 13 TAE electrophoresis buffer (pH 8.3),
20 to 70% denaturant, and electrophoresis for 20 h at a constant voltage of 100
V (see reference 23 for details). After electrophoresis, the gels were stained with
ethidium bromide and photographed as described previously (23).

Hybridization analysis of blotted DGGE patterns. Denaturing gradient gel
patterns were transferred to nylon membrane filters (Hybond-N1) by electro-
blotting and were hybridized with digoxigenin-labeled Thiomicrospira-specific
probe TMS849R, as described previously (8).

Sequencing of PCR products. PCR products were purified by using a Qiaquick
PCR purification kit (Qiagen Inc., Chatsworth, Calif.). A Taq Dideoxy termina-
tor cycle sequencing kit (Applied Biosystems, Foster City, Calif.) was used to
sequence the 16S rDNA fragments. The sequencing primers used were Thiomi-
crospira-specific primers TMS128F and TMS849R (8). The sequence reaction
mixtures were electrophoresed with an Applied Biosystems model 373S DNA
sequencer.

Comparative analysis of 16S rRNA sequences. The 16S rRNA sequences were
aligned by using previously described methods (8). A phylogenetic tree was
created by using the neighbor-joining algorithm with maximum likelihood as a
model of sequence evolution, as implemented in the test version of the program
PAUP 4 developed by David Swofford. A bootstrap analysis (1,000 replicates)
was used to validate the reproducibility of the branching pattern of the tree.

Nucleotide sequence accession numbers. The sequences obtained in this study
have been deposited in the EMBL Nucleotide Sequence Database under acces-
sion no. AJ011066 to AJ011075.

RESULTS

Microsensor measurements. The oxygen measurements ob-
tained for the sediment core showed that the concentration of
O2 in the water overlaying the sediment was 250 mM and that
the O2 concentration decreased from 225 mM at the sediment
surface to zero at a depth of 2.0 mm (Fig. 1). The pH mea-
surements showed that the pH of the overlaying water was
about 8.15. From the sediment surface down to a depth of 1.2
mm the pH decreased to about 7.3. From a depth of 1.2 mm to
a depth of 6.5 mm the pH increased to about pH 7.8, and the
pH remained constant at lower depths (Fig. 1). H2S was not
detected in the first 4 cm of the sediment.

MPN counts of sulfur-oxidizing bacteria. The cultivable
chemolithoautotrophic sulfur-oxidizing bacteria in different
layers of the Jadebusen sediment were counted by the MPN
serial dilution method. The results of growth in the MPN count
media are shown in Fig. 2. Between 0.93 3 105 and 9.3 3 105

cells of sulfur-oxidizing bacteria per g of sediment were found
in almost all layers. The only exception was the second layer
(depth, 2 to 4 mm) which contained slightly more cells (4.3 3
106 cells per g of sediment). However, there was no significant
decrease in the number of sulfur-oxidizing bacteria with depth.

Screening the MPN cultures for the presence of Thiomicro-
spira cells. To determine the numbers of Thiomicrospira cells

present in the sediment layers, the MPN cultures were exam-
ined by using a Thiomicrospira-specific PCR. The results are
shown in Fig. 2 and indicate that Thiomicrospira cells were
present in all of the sediment layers which were investigated,
down to a depth of 4 cm. Furthermore, similar numbers of
Thiomicrospira cells were found in every layer; the concentra-
tions of these bacteria ranged from 0.93 3 103 to 9.3 3 103

cells per g of sediment. A comparison of the concentrations of

FIG. 1. Oxygen (■) and pH (F) microprofiles for a sediment core from
Jadebusen Bay. Note that oxygen was found only in the top 2.0 mm of the
sediment. The sulfide content was also examined, but sulfide was not detected.
The sediment surface was defined as a depth of 0 mm. Measurements for
negative depth values are measurements for the water phase overlaying the
sediment; positive depth values indicate the depth in the sediment.

FIG. 2. MPN counts for chemolithoautotrophic sulfur-oxidizing bacteria
(dark bars) in sediment samples from Jadebusen Bay, an intertidal coastal mud
flat area of the German Wadden Sea. The numbers of Thiomicrospira cells (light
bars) were determined by enzymatic amplification of the 16S rDNA with genus-
specific primers. The bars indicate 95% confidence intervals.
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sulfur-oxidizing bacteria and Thiomicrospira cells showed that
the latter accounted for only a minor part (ca. 1%) of the
sulfur-oxidizing bacterial population.

DGGE and hybridization analysis of MPN cultures. Figures
3A and C show the DGGE results for 16S rDNA fragments
obtained from the lowest and highest MPN dilutions at which
Thiomicrospira cells were detected. PCR products from known
Thiomicrospira strains isolated from the Wadden Sea sediment
(8, 9, 18) were applied to both sides of the gels as standards
(Fig. 3A and C, lanes 1, 2, 15, and 16). The bacterial diversity
in the MPN cultures, as indicated by the number of bands,
ranged from one band (Fig. 3A, lanes 3, 4, 6, and 9, and Fig.
3C, lanes 8, 10, 12, and 14) to six bands (Fig. 3A, lane 8). Bands
that occurred at the same position in the gels were rare, indi-
cating that the diversity of chemolithoautotrophic sulfur-oxi-
dizing bacteria in the cultures was high.

The hybridization analysis of the DGGE patterns with Thio-
microspira-specific probe TMS849R gave positive signals with
bands produced by all of the Thiomicrospira species used as
standards (Fig. 3B and D, lanes 1, 2, 15, and 16), as well as with
one or more bands produced by every MPN culture tested
(compare lanes 3 to 14 in Fig. 3A with the same lanes in Fig.
3B and lanes 3 to 14 in Fig. 3C with the same lanes in Fig. 3D).
Some of the bands in the DGGE patterns did not hybridize
with the Thiomicrospira-specific probe (compare lanes 8 and 14
in Fig. 3A with the same lanes in Fig. 3B and lanes 4 and 6 in
Fig. 3C with the same lanes in Fig. 3D), indicating that other
bacteria grew under the culture conditions used.

Two or more positive hybridization signals in one lane indi-
cated that two or more Thiomicrospira strains were present in
the culture. This was observed mainly with MPN cultures at the
lowest dilution (compare lane 11 in Fig. 3A with the same lane
in Fig. 3B and lanes 5, 7, 11, and 13 in Fig. 3C with the same
lanes in Fig. 3D). However, hybridization signals from two
bands were also obtained for one of the highest dilutions (com-
pare lane 4 in Fig. 3C with lane 4 in Fig. 3D).

Phylogenetic analysis of Thiomicrospira sequences. Al-
though the Thiomicrospira strains from the highest dilutions in
which Thiomicrospira cells were present were not isolated in
pure culture, partial sequences of the 16S rDNA from nearly
all of these MPN cultures were obtained by using the Thiomi-
crospira-specific primer pair for amplification and sequencing.
Both DNA strands of fragments that were approximately 700
bp long were sequenced. Mixed sequences were obtained only
with the MPN cultures from two sediment layers (depths, 18 to
20 and 34 to 36 mm). These sequences had ambiguities at
positions where differences in Thiomicrospira 16S rDNA occur,
indicating that more than one Thiomicrospira strain was
present in the cultures. This finding is consistent with the
hybridization results for the DGGE pattern of the culture from
a depth of 18 to 20 mm, in which two positive signals were
obtained (Fig. 3D, lane 4); however, only one signal was ob-
tained for the culture from a depth of 34 to 36 mm (Fig. 3D,
lane 12).

Phylogenetic analysis of the sequences obtained showed that
all of the MPN isolates grouped with the known Thiomicrospira

FIG. 3. Hybridization analysis of DGGE profiles of 16S rDNA fragments obtained with primers specific for the domain Bacteria and template DNA from MPN
cultures and Thiomicrospira isolates from coastal sediments of the Wadden Sea. (A) DGGE patterns. Lanes 1 and 15, T. pelophila (lower band) and Thiomicrospira
sp. strain JB-B2 (upper band); lanes 2 and 16, T. kuenenii JB-A1 (lower band) and T. frisia JB-A2 (upper band); lane 3, lowest-dilution MPN culture of the sediment
layer at a depth of 0 to 2 mm; lane 4, highest-dilution MPN culture of the sediment layer at a depth of 0 to 2 mm in which Thiomicrospira spp. could still be detected;
lanes 5 and 6, equivalent MPN cultures from a depth of 2 to 4 mm; lanes 7 and 8, equivalent MPN cultures from a depth of 4 to 6 mm; lanes 9 and 10, equivalent MPN
cultures from a depth of 6 to 8 mm; lanes 11 and 12, equivalent MPN cultures from a depth of 10 to 12 mm; lanes 13 and 14, equivalent MPN cultures from a depth
of 14 to 16 mm. (B) Hybridization analysis of the DGGE pattern in panel A performed with the Thiomicrospira-specific, digoxigenin-labeled oligonucleotide, whose
target sequence is located within the rDNA amplified. (C) DGGE patterns. Lanes 1, 2, 15, and 16, Thiomicrospira standards (see the explanation above for panel A);
lanes 3 and 4, equivalent MPN cultures from a depth of 18 to 20 mm; lanes 5 and 6, equivalent MPN cultures from a depth of 22 to 24 mm; lanes 7 and 8, equivalent
MPN cultures from a depth of 26 to 28 mm; lanes 9 and 10, equivalent MPN cultures from a depth of 30 to 32 mm; lanes 11 and 12, equivalent MPN cultures from
a depth of 34 to 36 mm; lanes 13 and 14, equivalent MPN cultures from a depth of 38 to 40 mm. (D) Hybridization analysis of the DGGE pattern in panel C. Comparison
of panels A and B and panels C and D shows that chemolithoautotrophic bacteria other than Thiomicrospira spp. were present in some of the MPN cultures.
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isolates (Fig. 4). The sequences obtained in this study occurred
in four clusters on the phylogenetic tree. No correlation was
found between this phylogenetic grouping and sediment depth;
cluster 1 contained sequences from depths of 0 to 2, 6 to 8, and
30 to 32 mm, cluster 2 contained sequences from depths of 2 to
4 and 38 to 40 mm, cluster 3 contained sequences from depths
of 4 to 6, 10 to 12, 14 to 16, and 22 to 24 mm, and the sequence
from a depth of 26 to 28 mm grouped with the sequences of T.
pelophila, T. thyasirae, and Thiomicrospira sp. strain JB-A1F in
cluster 4. Less than 1.8% sequence difference was found within
each cluster, while more than 3% sequence difference was
observed between clusters or with other Thiomicrospira se-
quences.

rRNA slot blot hybridization. The unexpected presence of
relatively high numbers of Thiomicrospira cells in the anoxic
part of the sediment prompted us to determine the metabolic
state of these bacteria. rRNA was extracted from sliced sedi-
ment samples and used in rRNA slot blot hybridization exper-
iments. The samples were hybridized with a probe specific for

all known forms of life (universal probe), with probes specific
for members of the domain Bacteria, and with a probe specific
for Thiomicrospira (Table 1). The following sediment layers
were investigated: 0 to 2, 2 to 4, 4 to 6, 6 to 8, 10 to 12, 14 to
16, 26 to 28, and 38 to 40 mm. The results are summarized in
Fig. 5. While the concentration of bacterial rRNA was rela-
tively constant, varying with depth from 0.95 to 1.27 mg per g of
sediment (data not shown), the vertical concentration profile
for Thiomicrospira-specific rRNA revealed a steep decrease in
the first 6 mm of the sediment; in the layers measured between
depths of 7 and 40 mm the concentration of Thiomicrospira
rRNA was never more than 25% of the specific rRNA con-
centration in the top 2 mm of the sediment.

DISCUSSION

Microsensor oxygen measurements indicated that oxygen
penetrated into the sediment to a depth of 2.0 mm. However,
it must be stated that the Wadden Sea sediment is a very

FIG. 4. Unrooted tree showing the phylogenetic relationships of Thiomicrospira strains present in the highest MPN dilutions containing Thiomicrospira cells. The
tree is based on partial 16S rRNA sequences and was produced by using the neighbor-joining algorithm with maximum-likelihood correction. The sequences determined
in this study are indicated as follows: Tms-MPN/x-y mm depth, where x-y mm depth indicates the depth of the sediment from which a sequence was obtained. The
sequence of Chromatium vinosum was used as an outgroup. The numbers on the branches are bootstrap values (1,000 replicates); only values greater than 50% are
shown.
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dynamic habitat with diel and seasonal fluctuations in environ-
mental conditions, which have a great influence on the oxygen,
sulfide, and pH gradients in the sediments. For instance, Ras-
mussen and Jørgensen (30) found that oxygen could penetrate
to a depth of 1.3 mm in the summer and to a depth of 5.1 mm
during the winter in a coastal sediment in Aarhus Bay, Den-
mark. Also, Visscher and coworkers (40–42) observed diel and
seasonal fluctuations in the oxygen and sulfide profiles of mi-
crobial ecosystems in coastal mud flats.

Sulfide was not detected in our sediment core; this may have
been a result of the low in situ water temperature (8°C) at the
time that the core was obtained. It was demonstrated by Vos-
jan (43) that the sulfate reduction rate in Wadden Sea sedi-
ment is temperature dependent and that this rate was 10 times
lower at 4°C than at 18°C in an experiment in which lactate was
added to the sediment to stimulate sulfate reduction. Tham-
drup et al. (38) reported that H2S could not be detected in
coastal marine sediment from Aarhus Bay, Denmark, although
sulfate reduction proceeded at significant levels. The rapid re-
moval of H2S was attributed to reactions with Fe and Mn oxides.
This process might also occur in the Wadden Sea sediment.

The pH profile is consistent with the oxygen profile. There
was no net photosynthesis in the sediment, and the initial de-
crease in the pH was caused by oxidation of organic material;
the minimum value in the pH profile corresponded to deple-
tion of oxygen. The increase in pH was probably caused by de-
nitrification or by reduction of iron or manganese.

The comparison of the chemolithoautotrophic sulfur-oxidiz-
ing bacterial concentrations with the Thiomicrospira cell con-
centrations (Fig. 2) indicated that Thiomicrospira strains are
not dominant sulfur oxidizers in the Wadden Sea sediments.
The Thiomicrospira populations accounted for about 1% of the
total sulfur-oxidizing bacteria detected in this study. This find-
ing was confirmed by the absence of hybridization signals in the
DGGE profiles of the 16S rDNA fragments obtained after
PCR amplification of total community DNA from sediment
samples (data not shown). However, as mentioned above, the
results described here are the results for just one moment in
time; the abundance of Thiomicrospira cells might differ at
different seasons. Visscher and van Gemerden (41) obtained
different MPN values for different sulfur bacteria, including
the colorless sulfur bacteria with which Thiomicrospira cells are
associated in the spring and fall, and observed a decrease in the
values with depth. Furthermore, Thiomicrospira cells appear to
be more abundant in other habitats, such as hydrothermal vent
systems (22).

The DGGE-hybridization analysis of the MPN cultures sug-

gested that some Thiomicrospira strains are opportunistic mi-
croorganisms that grow rapidly under the culture conditions
used (Fig. 3). Growth of sulfur-oxidizing bacteria was deter-
mined by a change in the color of the pH indicator present in
the culture medium. The presence of Thiomicrospira cells in
cultures corresponded with the cultures in which the fastest
growth was observed (data not shown). Growth in other tubes
was generally observed at least 1 week later. This indicates that
Thiomicrospira spp. are the fastest growing sulfur-oxidizing bac-
teria under the culture conditions used.

A comparison of the hybridized DGGE patterns showed that
different Thiomicrospira spp. were present in the MPN cultures
from the lowest and highest dilutions from most sediment lay-
ers. The Thiomicrospira spp. in both cultures may have been
identical only in the cultures from depths of 0 to 2 mm (Fig. 3A
and B, lanes 3 and 4) and 30 to 32 mm (Fig. 3C and D, lanes
9 and 10), because the hybridized bands obtained with the
lowest and highest dilutions occurred at the same positions on
the gel. It has been shown previously that smaller populations
may overgrow larger populations that are less well-adapted to
the enrichment conditions used (34, 44). This causes problems
if only enrichment cultures are used to study bacterial popu-
lations, because then only the fast-growing bacteria are ob-
tained. To avoid this problem, dilution of the inoculum to
extinction may favor recovery of larger populations that are
less adaptive (44). The use of the MPN technique allows not
only determination of the number of bacteria which are able to
grow with a particular substrate but also makes detection of the
most abundant of these bacteria possible. However, it should
be mentioned that there might have been Thiomicrospira pop-
ulations present which were not able to grow under the culti-
vation conditions used.

A comparison of the sequences described in this paper with
the sequences from the same habitat described previously (8,
22) showed that, with one exception, the previously isolated
strains were not present in the highest MPN dilutions used for
Thiomicrospira spp. This indicates that most of these isolates,
all of which were obtained by using enrichment techniques (8,
17, 46, 47), do not belong to the most abundant Thiomicrospira
spp. Only one sequence, the Thiomicrospira MPN sequence from
a depth of 26 to 28 mm, exhibited high levels of similarity
(more than 99.8%) to the sequences of T. pelophila and related
species. The other new sequences formed three monophyletic
clusters with no close known relatives. The differences between
sequences within each cluster were always less than 1.8%; thus,
on the basis of the definition of Stackebrandt and Goebel (35),
these sequences might be considered sequences which origi-
nated from different strains of the same species. However, the
differences between sequences in different clusters and other
Thiomicrospira strains, which were more than 3%, may that
additional new species are present in the habitat studied.

Slot blot hybridization of rRNA extracted from the different
sediment layers was used to infer the metabolic activity of the
Thiomicrospira populations. The total amount of rRNA de-
pends on the number of cells and the amount of rRNA per cell.
Cells which are growing well have more ribosomes and thus
more rRNA than cells which are not growing (27). While the
numbers of Thiomicrospira cells were relatively constant along
the entire vertical profile of the sediment, the concentration of
Thiomicrospira-specific rRNA decreased sharply from the oxic
zone to suboxic zone of the sediment (Fig. 5). On the basis of
the MPN and rRNA slot blot hybridization results, we con-
cluded that Thiomicrospira spp. were metabolically active mem-
bers of the bacterial community in the first 4 mm of the sedi-
ment, from the oxic region to the suboxic region, while the
relative activity of these organisms was low in the anoxic zone

FIG. 5. Amounts of Thiomicrospira-specific rRNA (line) in sediment samples
from different depths and MPN counts of Thiomicrospira cells (bars) for these
samples. The results indicate that a small but active Thiomicrospira population
was present in the oxic surface layer of the sediment.

VOL. 64, 1998 THIOMICROSPIRA DISTRIBUTION IN WADDEN SEA SEDIMENTS 4655



of the sediment. This finding is consistent with physiological
characteristics of Thiomicrospira species, which, with the ex-
ception of T. denitrificans, are all obligate aerobes (9, 15, 17).
T. denitrificans is able to grow anaerobically with nitrate as an
electron acceptor (39). However, 16S rRNA sequence analysis
showed that T. denitrificans is phylogenetically affiliated with
the genus Thiovulum in the epsilon subdivision of the class
Proteobacteria (22). The oligonucleotides designed for detec-
tion of the genus Thiomicrospira do not hybridize with T. deni-
trificans (8).

In recent years many investigations of the microbial diversity
of natural samples have revealed that the diversity of closely
related sequences in one environment is high (6, 12). However,
in these studies no information was obtained about the meta-
bolic state of the microorganisms. Here we also observed a
high level of diversity of closely related sequences, all belong-
ing to different Thiomicrospira populations. However, as de-
termined by the polyphasic approach used in this study, we
found that these populations have different growth rates de-
pending on their locations in the sediment. This leads to the
conclusion that Thiomicrospira cells are metabolically active
only in the oxic part of the sediment studied and to the con-
clusion that most of the Thiomicrospira populations found in
the anoxic part of the sediment are probably dormant. How
these populations survive under anaerobic conditions is un-
known and might be the aim of future studies.

Similar results have been described by Wawer and cowork-
ers (45). Using comparative DGGE analysis of [NiFe] hydro-
genase gene fragments obtained by enzymatic amplification of
bacterial genomic DNA and total RNA from microbial com-
munities, these authors demonstrated that only one of the five
Desulfovibrio populations which were present expressed the
[NiFe] hydrogenase gene after hydrogen was added as a sub-
strate, indicating that niche differentiation occurred.

It is still not known why the number of Thiomicrospira cells
in the anoxic layers of the sediment is relatively constant. This
observation may be partially explained by mixing of the sedi-
ment by physical turbation, such as the mixing caused by waves,
which can have an impact on the upper few centimeters of the
sediment. Furthermore, bioturbation by benthic animals is
known to influence particle transport (33, 48) and to have an
effect on the distribution of microorganisms in sediment.

A comparison of the physiological features of three Thio-
microspira species, T. pelophila, T. kuenenii, and T. frisia, which
were isolated from the Wadden Sea sediment, revealed differ-
ences in pH range and salt tolerance (9). Changes in pH values
and salt concentrations might occur in an intertidal coastal
mud flat. For this reason it is likely that different Thiomicro-
spira populations are adapted to different environmental con-
ditions and that populations which are inactive at one moment
might be active at another, when specific environmental con-
ditions favor their growth.

In summary, we demonstrated that there are many different
Thiomicrospira populations in an intertidal mud flat habitat.
However, these populations do not represent a dominant pro-
portion of the sulfur-oxidizing bacterial community (they ac-
count for ca. 1% of this community), and most of them are
quiescent. Only the populations that are present in the oxic
sediment layers seem to be metabolically active. On the basis
of these results we concluded that the functional role of Thio-
microspira spp. in intertidal mud flats is minor and is limited to
the oxic part of the sediment and that other sulfur-oxidizing
bacteria might be primarily responsible for oxidation of re-
duced sulfur compounds produced by sulfate reduction.
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