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rRNA-targeted oligonucleotide probes have become powerful tools for describing microbial communities, but
their use in sediments remains difficult. Here we describe a simple technique involving homogenization,
detergents, and dispersants that allows the quantitative extraction of cells from formalin-preserved salt marsh
sediments. Resulting cell extracts are amenable to membrane blotting and hybridization protocols. Using this
procedure, the efficiency of cell extraction was high (95.7% = 3.7% [mean * standard deviation]) relative to
direct DAPI (4',6’-diamidino-2-phenylindole) epifluorescence cell counts for a variety of salt marsh sediments.
To test the hypothesis that cells were extracted without phylogenetic bias, the relative abundance (depth
distribution) of five major divisions of the gram-negative mesophilic sulfate-reducing delta proteobacteria were
determined in sediments maintained in a tidal mesocosm system. A suite of six 16S rRNA-targeted oligonu-
cleotide probes were utilized. The apparent structure of sulfate-reducing bacteria communities determined
from whole-cell and RNA extracts were consistent with each other (+* = 0.60), indicating that the whole-cell
extraction and RNA extraction hybridization approaches for describing sediment microbial communities are
equally robust. However, the variability associated with both methods was high and appeared to be a result of
the natural heterogeneity of sediment microbial communities and methodological artifacts. The relative
distribution of sulfate-reducing bacteria was similar to that observed in natural marsh systems, providing

preliminary evidence that the mesocosm systems accurately simulate native marsh systems.

Over the past decade, 16S rRNA-targeted specific oligonu-
cleotide probes have become a powerful tool for describing the
structure of microbial communities in a variety of natural en-
vironments (1, 35). In planktonic environments, a number of
straightforward hybridization techniques are available for uti-
lizing oligonucleotide probes, including whole-cell fluores-
cence in situ hybridization (1, 6, 16, 28, 29) and direct whole-
cell blot hybridization (2, 5). These techniques simplify the use
of 16S rRNA-targeted probes and therefore allow processing
of larger numbers of samples required for conducting ecolog-
ically relevant studies. However, sediment and detritus often
interfere with the enumeration of bacteria, hybridization, hy-
bridization detection, and the extraction and purification of
RNA (34). Thus, probe hybridization studies of sediment sam-
ples are more difficult and time-consuming than analogous
studies in planktonic environments.

Despite the difficulty involved, many studies have demon-
strated the utility of applying 16S rRNA probe hybridization
strategies in sediment environments (3, 4, 7, 9, 10, 12, 17, 23,
24, 25, 30). In general, these studies have relied on hybridiza-
tion of probes to RNA extracted, purified, and immobilized
onto charged nylon membranes or fluorescence in situ hybrid-
ization (41). To our knowledge, no studies have utilized more
straightforward whole-cell membrane hybridization techniques
(5). One impediment to using whole-cell hybridization proto-
cols in association with sediments has been the difficulty of
quantitative extraction of cells from sediments. Extraction of
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cells from fine-grained highly organic sediments typical of salt
marsh environments is particularly difficult.

Several problems must be overcome to facilitate the extrac-
tion of cells from sediments. First, since cells are often tena-
ciously attached to sediment particles, cells must be detached
and separated from sediment particles and organic material
that might interfere with the immobilization of cells to charged
nylon or complicate microscopic visualization of cells. Second,
cells must be extracted without regard to their phylogenetic
identity or physiological status, since extraction biases would
artifactually influence the observed microbial structure. Ex-
traction bias is not thought to be a problem for total RNA
extraction procedures, but this assumption has not been exper-
imentally investigated.

Several studies have investigated the quantitative extraction
of cells from sediments. Methods have typically involved ultra-
sonication, vigorous homogenization, and/or the addition of
detergents and dispersants (13, 34, 36, 38). These methods
have been successful with a variety of sediment types (11, 13,
14, 31, 32, 36, 38). In this study, we evaluated a modified
protocol for extracting cells from salt marsh sediments that
involved the use of homogenization, detergents, and dispers-
ants, but did not require sonication. This technique allowed the
rapid and quantitative extraction of cells from sediments that
had been stored in formalin, while avoiding possible cell lysis
by sonication. Resulting cell extracts were substantially re-
duced in sediment and detritus content and were therefore
amenable to membrane blotting and hybridization protocols.
The intent of this study was to determine if the whole-cell and
RNA extraction techniques could be used to provide equiva-
lent information regarding the composition of salt marsh sed-
iment microbial communities by using a 16S rRNA-targeted
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TABLE 1. 16S rRNA-targeted oligonucleotide probes used in this study

Probe Probe sequence (5’ to 3')” Ty’ Specificity Reference
Univ 342 CTG CTG CSY CCC GTA G 55°C All eubacteria 39
SRB 687 TAC GGA TTT CACTCCT 55°C Desulfovibrio 8
SRB 660 GAA TTC CAC TTT CCC CTC TG 55°C Desulfobulbus 8
SRB 221 TGC GCG GAC TCA TCT TCA AA 55°C Desulfobacterium 8
SRB 129 CAG GCT TGA AGG CAG ATT 55°C Desulfobacter 8
SRB 814 ACC TAG TGA TCA ACG TTT 55°C Desulfococcus 8

Desulfosarcina
Desulfobotulus

“SisCorG,and Yis Cor T.

b Hybridization temperature and specificity were determined empirically (8, 15, 23).

oligonucleotide probe hybridization approach. To test the hy-
pothesis that cells were extracted without phylogenetic biases,
the microbial community structure (depth distribution) of five
major divisions of the gram-negative mesophilic sulfate-reduc-
ing bacteria (SRB) were determined using a suite of SRB
group-specific [**P]-labeled 16S rRNA-targeted oligonucleo-
tide probes. The apparent structure of SRB communities was
compared between RNA and whole-cell extracts from repli-
cate salt marsh sediment samples.

MATERIALS AND METHODS

Collection of sediments. Sediments used for developing the cell extraction
protocol were collected from a pristine Spartina alterniflora-dominated salt marsh
located adjacent to the Skidaway River, Savannah, Ga., on the campus of the
Skidaway Institute of Oceanography. Intact sediment cores were collected using
a custom manufactured surface-sterilized polycarbonate corer with a diameter of
5 cm and total length of 40 cm. Sediment from 2- to 4-cm intervals were extruded
using a Teflon-tipped plunger into sterile disposable 50-ml tubes. Sediment (up
to 4 g) was aliquoted into fresh sterile tubes, and an amount of 10 ml of artificial
seawater (ASW) g of sediment™" (27) that was 3.7% formalin (Sigma Chemical
Co., St. Louis, Mo.) was added to the sediment and slurried by vortexing.
Preserved sediments were stored at 4°C until use.

Salt marsh sediments used in probe hybridization studies were originally col-
lected from an Environmental Protection Agency (EPA) Superfund site (LCP
chemical site) located in Brunswick, Ga. These sediments were contaminated
with mercury and polychlorinated biphenyls (ca. 10 ppt each) as a result of the
operation of a chlor-alkali plant (18, 37). Contaminated sediments planted with
S. alterniflora and unplanted are maintained in a salt marsh mesocosm system
operated by the Skidaway Institute of Oceanography (21). These mesocosms
consist of 2.88- by 1.44- by 1.44-m cells filled to a depth of 0.91 m (3.8 m®) with
marsh sediments and operated on a 6.5-h tidal cycle that approximates the
natural tidal cycle in coastal south Georgia. Replicate sediment cores (10-cm
depth) were collected from randomly selected locations in the mesocosms by
using a 50-ml custom-manufactured syringe coring device. For these studies,
sediment cores were collected in June 1999, 6 months after sediments were
initially placed in the mesocosm systems. Sediments were collected, extruded,
and preserved frozen at —80°C until use.

Whole-cell extraction. Formalin-fixed sediments (generally 1 g in 10 ml of
ASW plus 3.7% formalin) were made 0.01 M (final concentration) with respect
to sodium pyrophosphate (stock solution at 0.1 M; Sigma Chemical Co.) and
0.09% Tween 80 (stock solution at 100%; Sigma Chemical Co.) and were vig-
orously vortexed for 1 min. Sediments were incubated for 30 min at room
temperature and were again vortexed for 15 s. The bulk of sediment particles
were removed by centrifugation at 700 X g for 2 min. The supernatant containing
the bacteria was removed to a fresh tube by aspiration. The sediment was washed
two times with 10 ml of sterile ASW by vortexing for 1 min, and the wash
supernatant was collected after centrifugation as described above. Both the
original extract and wash supernatant (approximately 30 ml) were combined.
Cells were collected by centrifugation at 12,000 X g for 10 min at 4°C and
resuspended in 3 ml of fresh sterile ASW. In some cases, remaining fine sediment
particles were removed by centrifugation (200 X g) for 1 min. Total cell abun-
dance was determined by epifluorescence microscopy after staining cells with
DAPI (4',6'-diamidino-2-phenylindole) (40).

RNA extraction. Total RNA was extracted and purified from salt marsh sed-
iments essentially by following the procedure described by Moran et al. (25). The
yield and quality of extracted RNA was improved when sediments were frozen
prior to extraction (data not shown), and thus RNA was routinely extracted from
sediment samples (5 g) that had been stored frozen —80°C for at least 2 days.
Sediments were thawed on ice and equilibrated in 20 ml of ice-cold 120 mM
sodium phosphate (pH 5.2) for 15 min with shaking. Following equilibration, the

sediment was collected by centrifugation at 6,000 X g for 10 min at 4°C. The
supernatant was discarded, and the sediment pellet was washed with another 20
ml of phosphate buffer. Following centrifugation at 6,000 X g for 10 min, the
resulting pellet was resuspended in 7 ml of lysing buffer (50 mM Tris [pH 8.0],
0.25 mM EDTA [pH 8.0], 25% sucrose), to which 5 mg of lysozyme (Sigma
Chemical Co.) ml~! was freshly added. The sediment was incubated at room
temperature for 15 min and centrifuged at 6,000 X g for 10 min at 4°C. The
resulting supernatant was decanted, and the pellet was equilibrated with 7 ml of
ACE buffer (10 mM sodium acetate, 10 mM NaCl, 3 mM EDTA [pH 5.1]). The
pellet was again collected by centrifugation (6,000 X g, 10 min) and warmed to
60°C in a heated water bath for 10 to 15 min. ACE-buffered phenol (250 wl) and
20% sarcosyl (500 pl warmed to 60°C) were added to the pellet. The sediment
was vortexed briefly and was incubated at room temperature. After 5 min, the
solution was made 0.075 M NaCl by the addition of 300 wl of a 2 M NaCl solution
that had been warmed to 60°C. The resulting sediment was extracted once with
6 ml of ACE-buffered phenol-chlorform-isoamyl alcohol (pH 5.1; 75:24:1). The
aqueous extract (ca. 8 to 13 ml) was made 0.3 M sodium acetate by the addition
of 1/10 volume of a 3 M sodium acetate solution. Following nucleic acid con-
centration, DNA was digested with 100 U of RNase-free DNase I (Sigma Chem-
ical Co.) and purified using ACE-buffered phenol chlorform as previously de-
scribed (25). Generally, the RNA-containing aqueous phase remained dark
brown at this stage. Contaminating humic substances were removed by size
filtration in 2.5-ml Sephadex G-75-120 spun columns constructed in standard
3-ml disposable syringes as described by Moran et al. (25). Sephadex was equil-
ibrated in diethyl pyrocarbonate-treated distilled water prior to use. The quan-
tity, purity, and quality of the extracted RNA were routinely determined by
spectroscopy and visualization after agarose gel electrophoresis, respectively
(33). Purified RNA was stored at —80°C until use.

Determination of microbial community structure. The relative abundance of
the total eubacteria community and five phylogenetically distinct groups of SRB
(Desulfobulbus, Desulfobacterium, Desulfobacter, Desulfovibrio, and Desulfococ-
cus) was determined by hybridization of phylogenetic group-specific, >*P-labeled
16S rRNA-targeted oligonucleotide probes previously developed (8, 15). The
Desulfovibrio group probe (SRB 687) also hybridizes with a number of the
iron-reducing geobacters which are not SRB (22). All probes used in this study
are shown in Table 1. The specificity of each of these probes was confirmed
empirically at the indicated hybridization temperature by using purified RNA
from cultured SRB strains (Fig. la). The sensitivity of each probe was also
determined by dilution series studies using representative SRB cultures (Fig. 1b).
Probe hybridization was conducted in a slot blot format using charged nylon
(Zeta Probe, catalog no. 162-0165; Bio-Rad Laboratories, Hercules, Calif.).
Initially, hybridization of concentration dilution series of RNA and sediment
whole-cell extracts were performed to determine the optimal RNA and cell
concentrations most appropriate for quantification by scanning densitometry.
These studies indicated that under the conditions of this study, 2 to 5 ng of
purified RNA/slot or ca. 10° cells/slot yielded hybridization densities well within
the dynamic range of the scanning densitometer for quantification (data not
shown). Therefore, in all studies reported here, RNA (ca. 2 to 5 ng/slot) and
whole-cell extracts containing ca. 3 X 10° cells in 100 wl were immobilized on
nylon membranes using a slot blot apparatus (Schleicher & Schuell, Inc., Keene,
N.H.). Following blotting, RNA was cross-linked to the membrane by baking in
vacuo at 80°C for 2 h or by UV cross-linking for 30 s at the 120,000-microjoule
setting using a UV cross-linker (UV Stratalinker model 1800; Stratagene Cloning
Systems, La Jolla, Calif.). Membranes were stored desiccated at —20°C until use.

Oligonucleotides were synthesized using an ABI DNA/RNA synthesizer
(model 394) by the Molecular Genetics Facility at the University of Georgia.
Oligonucleotides were end labeled with 60 p.Ci of [y->*P]ATP (6,000 Ci/mmol;
Du Pont/NEN, Boston, Mass.) using T4 polynucleotide kinase (Promega Corp.,
Madison, Wis.) as described previously (15).

Prehybridization, hybridization, and washes were performed by following pub-
lished methods (15) at 55°C. Hybridization and wash temperatures were previ-
ously empirically determined for each probe (8, 19, 20; Table 1). The blots were
prehybridized in a filter-sterilized (0.2 um) hybridization solution containing 6x
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FIG. 1. Specificity of 16S rRNA-targeted probes used in this study and the
detection sensitivity of a typical probe (UNIV 342) applied for the detection of
membrane blotted cells. (A) The specificity of each of the probes used in this
study was determined by hybridization at 37°C for the universal eubacterium-
targeted probe UNIV and at 55°C for the SRB group-specific probes (SRB 687,
660, 814, 129, 221). RNA (2 ng/slot) purified from cultures of Desulfovibrio
desulfuricans ATCC 13541 (DSV), Desulfobulbus propionicus ATCC 33891
(DSB), Desulfococcus multivorans ATCC 33890 (DSC), Desulfobacter sp. strain
BG-8 (DBACTER [30]), and Desulfobacterium sp. strain BG-33 (DSBM [30])
were immobilized on replicate charged nylon membranes and hybridized with
each probe used in this study. (B) Hybridization sensitivity of a 16S rRNA-
targeted probe (UNIV 342) for the detection of immbolized D. desulfuricans
cells. Hybridization signal was proportional (+* = 0.90) to the number of cells.
Hybridization detection is expressed in relative optical density (OD) units. Au-
toradiograph of replicate whole-cell hybridization used to construct the regres-
sion line is shown below the regression line.

SSPE (1x SSPE is 180 mM NaCl, 10 mM NaH,PO,, and 1 mM Na,EDTA [pH
7.7]), 0.1% sodium dodecyl sulfate, and 1X Denhardt’s solution (0.2% Ficoll,
0.02% polyvinylpyrrolidone, 0.02% bovine serum albumin). After 3 h, the pre-
hybridization solution was replaced with fresh hybridization solution containing
20 pmol of 3*P-labeled probe and was incubated overnight. Prehybridization and
hybridization were conducted in 50- or 100-ml hybridization tubes (Bockel Sci-
entific, Feasterville, Pa.) in a rotary hybridization oven (Robbins Scientific Model
2000 microhybridization incubator; Robbins Scientific, Corp., Sunnvale, Calif.).
To avoid excessive nonspecific background hybridization, especially with the
RNA blots, it was critical to perform prehybridization and hybridization of cell
and RNA blots separately (data not shown). Following hybridization, the blots
were washed for 1 h in three changes of 6X SSPE plus 0.1% SDS at the
hybridization temperature. The blots were dried briefly under an infrared lamp
and were attached to filter paper, and hybridization was detected by autoradiog-
raphy using medical X-ray film (Fuji Medical Systems, USA, Inc., Stamford,
Conn.). Generally, a clear hybridization signal was detected after 3 to 24 h for
whole-cell blots and 24 to 72 h for RNA blots, depending on the probe used and
the sample. Hybridization was quantified by scanning densitometry using the
Quantity One version 4 software package and a GS-710 Calibrated Imaging
Densitometer system (Bio-Rad Laboratories).

Statistics. The observed relative distribution of SRB groups with respect to
depth were compared between the whole-cell extraction and RNA extraction
techniques for each sample and at each depth by two-way analysis of variance.
The relative abundance of the five SRB groups in each sample was estimated by
normalizing against the abundance of total eubacteria determined using the
universal eubacterial probe UNIV 342 in the same sample. The overall compar-
ison of the hybridization results between the whole-cell extraction technique and
hybridization of purified RNA was made by linear regression. Cell concentra-
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TABLE 2. Cell extraction efficiency from salt marsh sediments

Extracted
sediment %

Unextracted

Sediment (depth) sediment

(log cells/g (log cells/g Recovery”
wet wt [SD]) wet wt [SD])
Surface (1-2 cm) 8.07 (7.24) 7.51 (6.67) 93
8.00 (7.26) 7.69 (6.99) 96
Active rhizosphere 7.50 (6.91) 7.69 (7.12) 102
(2-15 cm)
7.89 (7.13) 7.16 (6.44) 91
Below active rhizosphere 8.21 (7.76) 7.91 (7.08) 96
(15-60 cm)
7.34 (6.71) 7.05 (6.28) 96

“ Average cell recovery was 95.7% = 3.7% (mean * standard deviation).

tions of extracted sediments were compared to cell concentrations of unextracted
samples by simple ¢ tests. All comparisons were performed at the 95% confidence
level. Statistical analyses were facilitated using the SigmaStat version 2.01 soft-
ware package (SPSS, Inc., Chicago, IIL.).

RESULTS

Whole-cell extraction from salt marsh sediments. The effi-
ciency of cell extraction from sediment was determined by
comparing the concentrations of cells in sediment-free extracts
to cell concentrations determined in the same sediments prior
to extraction. Cell recoveries from salt marsh sediments sam-
pled from various depths ranged from 91 to 102% relative to
those from unextracted cell counts (Table 2). The average
extraction recovery was 95.7% * 3.7% (mean * standard
deviation) and was not significantly different from unextracted
cell counts at the 95% confidence limit (P = 0.118). The
amount of detrital material in sediment extracts appeared to
be substantially reduced compared to that in unextracted sam-
ples (Fig. 2). In these micrographs, the irregularly shaped yel-
low stained material is believed to be detritus and sediment,
while bacteria appear blue-white after DAPI staining (26). Cell
extracts were sufficiently free of sediments so that 10° to 10®
cells could be quantitatively blotted and cross-linked to
charged nylon membranes and hybridized without interference
from sediment particles. The cell extraction procedure typi-
cally required only 2 h, compared to nearly 2 days required for
extraction and purification of RNA from sediments.

Blot hybridization; whole-cell versus RNA. Slot blot hybrid-
ization with *?P-labeled oligonucleotide probes of whole cells
and purified RNA are shown in Fig. 3. On average, 10° to 107
cells that originated from 0.015 to 0.03 g of sediment and 2 to
4 ng of RNA were blotted per individual slot. Generally, sig-
nificantly stronger hybridization signals were obtained from
whole-cell blots versus purified RNA relative to the amount of
sediment initially extracted. Thus, in addition to the whole-cell
extraction procedure being considerably simpler and less time-
consuming than the RNA extraction procedure, hybridization
sensitivity appears also to be greater using the whole-cell tech-
nique. These observations suggest that a greater fraction of the
total sediment bacterial RNA is recovered when cells are ex-
tracted from the sediment prior to lysis rather than lysing cells
in situ as is done when total RNA is extracted. Because stron-
ger hybridization signals were routinely obtained from the
whole-cell blots than from the RNA blots, the time required
for autoradiographic quantification was also shorter for whole-
cell blots relative to that for RNA blots. Typically, whole-cell
blots with 10° to 107 cells - slot™* rarely required more than
24 h of exposure, while RNA blots with 3 to 5 ng of RNA -
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FIG. 2. Photomicrographs of DAPI-stained bacteria before (A and B) and after (C and D) extraction using the whole-cell extraction procedure.

slot™* typically required several days of exposure for adequate
quantification.

Estimating phylogenetic diversity. The distribution of total
eubacteria and of five groups of gram-negative mesophilic SRB
populations in salt marsh sediments that had recently been
placed in a tidal mesocosm system was determined by hybrid-
ization with a suite of phylogenetic group-specific probes. The
distribution in the top 10 cm of the sediment was determined
using purified RNA and whole-cell extracts simultaneously.
The relative distribution of each group is reported after nor-
malization to the total eubacterial rRNA signal that was de-
termined by quantifying the hybridization signal of replicate
blots hybridized with the universal eubacterium-targeted oli-
gonucleotide probe UNIV 342 (Table 1). With the exception
of one group of the SRB (Desulfobulbus, probe SRB 660), the
distribution of SRB populations and of total eubacteria was
statistically identical whether the distribution was determined
using the whole-cell or RNA extraction technique (Fig. 4).
Within the top 10 cm of sediment the distribution of eubacteria
was approximately homogeneous (Fig. 4A), while four of the
five SRB groups examined exhibited a relative maximum be-
tween the depths of 4 and 6 cm (Fig. 4B to E). In the one
instance in which the results from the whole-cell and RNA
extraction techniques did not yield the same results (Desulfob-
ulbus; P = 0.037), the whole-cell technique indicated a relative
maximum of Desulfobulbus at 4 to 6 cm (Fig. 4F). Results
obtained from RNA blots suggested that there were no differ-
ences in the relative abundance of this group with depth. Over-

all, the relative hybridization signals obtained with the whole-
cell and RNA extraction techniques were similar. Relative
hybridization of RNA blots could be reasonably predicted
from relative whole-cell hybridization intensities by a simple
first-order linear regression model (+* = 0.60) when the results
from the hybridization with the Desulfobulbus-specific probe
were omitted (Fig. 5). The slope (0.96) and intercept (0.03)
were not significantly different from 1 and 0, respectively, in-
dicating a quantitatively direct relationship between the tech-
niques.

DISCUSSION

The objectives of this study were to develop a whole-cell
extraction technique suitable for use with salt marsh sediments
and to determine whether cell extracts were suitable for mi-
crobial diversity studies utilizing phylogenetic group-specific
16S rRNA-targeted oligonucleotide probes.

Direct comparisons of cell counts obtained from a variety of
salt marsh sediments before and after the whole-cell extraction
indicated that cells could be quantitatively recovered from salt
marsh sediments by using the cell extraction procedure devel-
oped in this study. Furthermore, it was not possible to extract
sufficient RNA for additional hybridization analysis from ex-
tracted sediments, strengthening the conclusion that cells were
quantitatively removed from marsh sediments using the pro-
cedure described here (data not shown). Sonication, which in
some studies has been shown to be required for dislodging
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FIG. 3. Hybridization of whole-cell (A) and RNA-extracted (B) sediments
with 3?P-labeled universal eubacterial 16S rRNA-targeted oligonucleotide probe
UNIV 342. Fifty microliters of the whole-cell extract (ca. 10° to 10° cells) and 3
ng of extracted RNA was immobilized on the membrane for each depth sample
(slot). Sediment depth and average relative hybridization density (optical den-
sity) for each depth is shown. Average hybridization signal is the result of
replicate blots from replicate core samples indicated as REP 1 and REP 2.

sediment-attached bacteria but also to reduce cell recoveries
(13), was not required to achieve quantitative cell recoveries
using the technique developed in this study with salt marsh
sediments. The cell extraction technique required substantially
less time compared to the relatively laborious RNA extraction
and purification techniques previously used in conjunction with
molecular probe hybridization studies. Therefore, the whole-
cell extraction technique is more amenable to the analysis of
larger ecologically significant numbers of samples. Further-
more, because hybridization signals were consistently stronger
when whole-cell blots were hybridized relative to blotted RNA,
it can be speculated that the efficiency of RNA extraction was
greater when the cells are extracted prior to cell lysis. There-
fore, the sensitivity of the whole-cell extraction technique is
greater than that achieved by RNA extraction. Thus, smaller
sample sizes are required, further improving the ability to
conduct ecologically relevant studies that typically can require
the analysis of hundreds to thousands of individual samples.
The greater efficiency of RNA extraction in the whole-cell
extraction procedure is most likely due to a number of factors
associated with lysing cells in the presence of native sediments.
For example, it is likely that the degradation rate of free RNA
is greater than cellular RNA in sediments and that sediments
more readily bind free RNA rather than cellular RNA. Alter-
natively, if the specificity of the probes when hybridized to
whole-cell extracts is different from that achieved when puri-
fied RNA was hybridized, the inferred greater hybridization
sensitivity detected with whole-cell blots might be due to non-
specific probe hybridization. However, several reports in the
literature suggest that the specificity of 16S rRNA-targeted
oligonucleotide probes are maintained when used in whole-cell
formats (1, 5) although the sensitivity of probes may be re-
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duced in whole cells due to ribosomal higher order structure
(15).

A priori there is reason to believe that the extraction of cells
from sediments may lead to extraction bias in cell recovery. For
example, some cell types may be more fastidiously attached to
sediment particles and therefore may be less efficiently ex-
tracted. However, in the studies described here, the differences
observed in the relative distribution of cell types in sediment
cores between the RNA and whole-cell extraction methods
were not significant. This observation was true whether essen-
tially all eubacterial cells or specific groups of the delta pro-
teobacteria were studied. Of six comparisons made (120 indi-
vidual hybridization blots), in only one case (Desulfobulbus
probe) were the relative hybridization signals different be-
tween the RNA and whole-cell extracts. These results suggest
that the whole-cell extraction and RNA extraction hybridiza-
tion approaches for describing sediment microbial communi-
ties are equally robust. Although the relative results obtained
with the two techniques could be compared directly, since the
absolute quantities of specific RNA targets or cell types were
not determined, it was not possible to infer the diversity (spe-
cies richness and abundance) of the sediment microbial com-
munities from these studies.

Although the relative hybridization results obtained with the
two methods were similar, the variability associated with rep-
licates was high. In some cases, variability between replicate
samples exceeded 2 standard deviations from the mean. This
variability appears to stem both from natural heterogeneity of
sediment microbial communities and from methodological ar-
tifacts, since there was an equally high degree of variability
between replicate cores and between replicate extracts of sin-
gle core samples (data not shown). Although the source of this
variability remains largely unknown, it seems unlikely that the
bulk of variability was associated with the inherent complexity
of the target microbial consortia. If this were the case, we
would have expected that the magnitude of hybridization vari-
ability associated with a particular probe would be inversely
proportional to its phylogenetic specificity, since the broader
the phylogenetic specificity the more complex the target com-
munity. This was not the case. For example, the average pre-
cision (standard deviation) associated with the mean relative
hybridization of whole-cell extracts using the universal eubac-
terium-targeted probe (UNIV 342) was similar to the average
precision associated with the five delta proteobacterium-spe-
cific probes. The standard deviation associated with the eubac-
terial probe was 0.2 compared with an average standard devi-
ation of 0.2 = 0.1 associated with the delta proteobacterial
group-specific probes. However, the source of this variability
remains unclear. No obvious correlation between sediment
characteristics, such as density, porosity, or organic content,
was noted in these studies, although the variability associated
with sediments that were obtained from a 6- to 8-cm depth
generally seemed to be the highest (Fig. 4). The high variability
associated with direct RNA hybridization, regardless of
whether the whole-cell extraction or RNA extraction tech-
nique is used, limits the resolution of these techniques to
discern differences in the composition of sediment microbial
community structures. Therefore, methodological and sam-
pling variability should be an important consideration in the
generation and interpretation of sediment rRNA hybridization
data. Furthermore, these studies suggest that continued re-
search is required to determine the source and nature of the
variability associated with rRNA phylogenetic specific probe
hybridization of sediment microbial communities.

Although only relative abundances of bacteria were deter-
mined in this study, the overall distribution pattern of gram-
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FIG. 4. Relative depth distribution of total eubacteria and five groups of gram-negative mesophilic SRB in mercury- and PCB (Aroclor 1268)-contaminated salt
marsh sediment equilibrated in the BERM mesocosm system for 6 months. Relative normalized hybridization is reported as a fraction of the strongest hybridization
signal at any depth in a given core. Profiles of sulfate-reducing groups were normalized to the total eubacterial signal. Distribution was determined after whole-cell
extraction (O) and direct RNA extraction (®). Depth profiles of total eubacteria (probe UNIV 342) (A), Desulfobacterium (probe SRB 221) (B), Desulfobacter (probe
SRB 129) (C), Desulfovibrio (probe SRB 687) (D), Desulfococcus/Desulfosarcina/Desulfobotulus group (probe SRB 814) (E), and Desulfobulbus (probe SRB 660) (F)
are shown. Error bars indicate standard deviation of the mean from four independent hybridizations. Depth distributions for each probe determined after whole-cell

and RNA extractions were compared by two-way analysis of variance.

negative mesophilic SRB was similar to those reported in other
studies (17, 30). SRB consortia were observed at all depths
sampled, but were maximal between 4 and 6 cm. Similar dis-
tribution patterns have also been observed in natural S. alfer-
niflora-dominated salt marshes in Georgia by using the same
suite of rRNA-targeted oligonucleotide probes (19, 20).
Because the sediments used in this study originated from an
experimental mesocosm system that had been established for 6
months, an evaluation of the distribution patterns of different
microbial groups provides an opportunity to evaluate how ac-
curately the mesocosm reflects native salt marsh sediments.
Although the observations that are reported here must still be
considered preliminary from this perspective, these results sug-
gest that the mesocosm systems do accurately simulate the
distribution of microbial consortia after a 6-month period of
equilibration. The equilibration process of these mesocosms
with respect to other parameters, including sediment physical
characteristics, porewater chemistry, microbial activity, and
plant growth, will be reported elsewhere. To our knowledge,
the structure of microbial consortia has not been previously
evaluated in these types of mesocosm systems and suggests that
salt marsh mesocosm systems can be established that accu-
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FIG. 5. Linear regression of relative hybridization of all 16S rRNA-targeted
oligonucleotide probes used in this study determined after whole-cell extraction and
RNA extraction in paired samples from the same cores and depths. Comparisons
include all phylogenetic groups except the Desulfobulbus group (probe SRB 660).
The regression coefficient is 0.60, the slope is 0.96, and the intercept is 0.03.
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rately simulate a native S. alterniflora salt marsh environment
typical of southeastern United States coastal systems.
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