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ABSTRACT

Bacterial communities along a salinity gradient (0 to 30 %o) of the Satilla River in southern
Georgia were analyzed loy situ reverse transcription (ISRT) using primers specific for the
beta, gamma, delta, marine alpha proteobacteria, subdivisions of eubacteria, as well as one
for eubacterial domain. Bacteria yielding a positive ISRT reaction with the eubacterial
domain primer accounted for 76, 43, and 85% of total DAPI-positive cells at stations with
salinities of 34.8, 24.6, and 0%, respectively. Marine alpha-positive bacteria were most
numerous (32 % of eubacteria) at the highest salinity and were least abundant (<1%) in
freshwater stations. The gamieoteobacteriawere more uniformly distributed and

accounted for 23 to 42% eubacteria from the freshwater end to the coastal site of the river.
The high percentage of gamreoteobacteriaacross a broad range of salinities may be
associated with high abundance of detrital material in the coastal river system. The beta
Proteobacteriawere more abundant (41% of eubacteria) near the freshwater end and less
abundant (13% eubacteria) in marine-type samples. Delta-proteobacteria accounted for less
than 8% of eubacteria at all salinities examined. ISRT was also used to detect the
proportion (12-30%) of the marine bacterial community that actively expressed genes for
degradation of aromatic hydrocarbons (i.e. benzene, ethanol, toluene and xylene). In
unamended estuarine water, no bacteria expressing genes for degradation of the
hydrocarbons were detected.

Introduction

For many years, microbial ecologists have been seeking tools to closely examine the
structure and function of microbial communities in natural marine environments where <1
% of the microorganisms are cultivable. Using recently developed molecular techniques
based on extraction of microbial nucleic acids followed by PCR amplification, DNA
hybridization, cloning and sequencing, we are now able to detect specific microorganisms
in natural marine environments, and to study their genetic diversity and phylogenetic
kinship [10, 11, 13, 27].

In situidentification of individual marine microbes based on their genetic characteristics
is another important application that has significantly advanced our understanding of
microbial community structure and function in various microenvironments [8]. Whole-cell
immunofluorescence assay [4, 26], fluoresderstitu hybridization (FISH) based on 16S
rRNA sequences [2, 9, 20], and chromosomal painting [21] techniques all have been used
to characterize specific bacterial strains or populations in complex microbial communities.
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Additionally, prokaryotian situ PCR andn situ RT-PCR protocols have been developed

to taxonomically identify and visualize the presence of genes and their expression inside
individual bacterial cells [5, 6, 18, 22, 25]. P@Rsitu detection methods amplify specific
targets intracellularly and thus can detect low or even single-copy number of sequences in
DNA, mRNA or rRNA. Thereforein situ amplification techniques can be used to explore
genetic capabilities and activity, as well phylogenetic affinities of individual microbes at
microscale levels.

In situreverse transcription (ISRT) is a simplifiedsitu molecular tool that has shown
great potential for analyzing the expression of functional genes in individual cells. ISRT
using radioactively labeled probes was first used to detect mRNA in fixed animal tissue
sections (23), and was developed to detect prokaryotic cells based on their rRNA and
MRNA sequences by Chen et al. [7]. Detection of gene expression using FISH has been
reported using a system in which very long probe (e. g., 200 bases) are prepared using in
vitro transcription [16, 19]. FISH with long multi-labeled probes [24] has been
demonstrated to increase signal intensity relative to FISH using mono-labeled probes.
However, in studies of natural systems where many probes need to be applied, FISH with
very long probes or multiple probes can be very time-consuming, and thus impractical.
ISRT takes advantage of multiple label incorporation into multiple copies of RNA
molecules inside bacterial cells providing a high sensitivity for phylogenetic identification
of bacterial cells in natural populations as well as detection of cells expressing a specific
functional gene within complex bacterial communities. With ISRT only a typical antisense
PCR primer (unlabeled) is needed. Long labeled transcripts are formed intracellularly by
incorporation of labeled monomers.

In this study, we applied ISRT to investigate microscale distribution of several major
groups of bacteria from a river to a coastal zone in Georgia. In addition, ISRT was also
used to examine how natural microbial communities respond to exposure of
monoaromatic contaminants.

Methods and Materials

Sample preparation

Bacterial samples were collected from three stations (Station 1, 3 and 6) along the Satilla
River in July 12, 1998 (Fig. 1). The salinity at Stns.1, 3, and 6 were 34.8, 24.6, and 0%o,
respectively. Samples were fixed in 4% paraformaldehyde and used for ISRT analysis
within 48 hr. Bacteria in natural samples were concentrated by centrifugation. A 1.5 ml
water sample was centrifuged at 13,000 rpm for 10 min and the pellet resuspended in 15
ul of PBS buffer. An additional 15 pl of ethanol (98%) was added to the resuspended
sample. Samples stored at this stage were found to be stable for up to 2 months if kept at
4 °C. Bacterial cell pretreatment, including cell wall permeabilization and dehydration,
followed the methods described by Hodson et al. [18]. Water, buffer and washing
solutions were pre-treated with diethyl pyrocarbonate (DEPC) to remove RNase that may
degrade cellular RNA, especially mRNA.
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Fig. 1. Map of the Satilla River showing the three sampling sites (Station 1, 3, and 6).
Toluene/xylene exposure

A 50 ml sample of seawater, collected from Meridian Dock near Sapelo Island, Georgia,
was added to each of three flasks. The first flask was exposed to 0.2% toluene, the
second flask to 0.2% xylene, and the third flask served as a control. The samples were
incubated at room temperature for one week and then concentrated as described above.

Primers for 16S rRNA and functional genes

To achieve a sufficient incorporation of labeled nucleotides into cDNA, a primer located

at least 200 bases downstream to the 5’ end of the RNA sequence is required for ISRT.
Bacterial community composition was analyzed using ISRT with primers specific for the
beta, gamma, delta, or marine alpha proteobacterial groups (Table 1). Microbial response
to exposure to aromatic compounds (toluene or xylene) was examined by ISRT using a
primer specific for BTEX (benzene, toluene, ethanol and xylene) dioxygenases,
5'ACCCAGTTCTC(G/C)CC(G/A)TC(G/A)TCCTG3'. The BTEX primer was designed
based on the sequence alignment of 12 different BTEX dioxygenase genes.

Table 1. Sequences and locations of bacterial group-specific primers used in this study.

Primer Primer Sequence Location Reference
Specificity
Marine Alpha 5' GCCGGGGITCTTTACCA 16S, 488-507 [15]
Beta 5'GCCTTCCCACTTCGTTT 23S, 1027-1043 [3]
Gamma 5' GCCTTCCCACATCGTTT 23S, 1027-1043 [3]
Delta 5'CGGCGTCGCTGCGTCAGG 16S, 385-402 [3]
Eubacteria 5'ACCGCTTGTGCGGGCCC 16S, 927-942 [3]
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ISRT

ISRT was conducted according to the protocols described by Chen et al. [7]. Briefly,
after cell fixation and permeabilization, the primer was hybridized to the RNA target site
for two hr using the protocol described by Zarda et al. [28]. Unbound primers on slides
were washed off with 0.5X SSC solution (10 min af@h Samples on slides were
dehydrated sequentially in 50, 80 and 98% ethanol in PBS. The ISRT cocktail consisted
of 1X enzyme buffer, 200 uM each of dATP, dCTP, dGTP, 190 uM dTTP, 10 uM CY3-
dUTP, RNase inhibitor (0.8 U 1l Boehringer Mannheim), 0.02% bovine serum albumin
(BSA), 5 mM dithiothreitol (DTT), and thermostablEtin reverse transcriptase (Perkin
Elmer) (1 U uf). The cell spots were then covered with 40 pl of reverse transcription
mixture and slides were incubated at’60or 1 hr in a humid chamber. Samples on slides
were then counterstained with DAPI at the concentration of 0.5 fiépn® min. Slides

were washed once with distilled water and air dried. Samples on slides were mounted in
Olympus immersion oil.

Digital image analysis

Slides were examined under an epifluorescence microscope (Olympus BX-40). Digital
images were acquired with a cooled CCD camera (Photometrics, Tucson, Ariz.). Image
analysis was processed using the Oncor Image software package version 2.02 (Oncor, Inc.,
Gaithersburg, Maryland) on a Power Macintosh 9500. Target cells labeled with CY3 were
viewed under orange light, while total bacterial cells counterstained with DAPI (in the same
viewfield) were viewed under UV light. Data presented in this study are mainly expressed
as the relative proportion of target cells vs. total DAPI stained cells, or target cells vs. total
cells giving positive ISRT reaction using a eubacterial primer. At least 300 cells were
counted for each group of bacteria, and two to three replicates were counted for each
sample. Autofluorescence background caused by cyanobacteria and other chlorophyll
containing particles was determined by inspecting sample spots not hybridized with group-
specific probes.

Results and Discussion

During our initial trials, ISRT was tested against samples collected on 0.2 um pore-size
black membrane filters. We found it was difficult to define real positive signals due to a
high background of CY3 fluorescence. Even with highly stringent washes, we were still
not able to remove the background fluorescence from filters. When ISRT was tested
using concentrated samples spotted onto glass slides, the background fluorescence was
significantly reduced. Using this method even small bacterial cells with low positive
signals can still be seen on a dark background. Therefore, in this preliminary study, all
ISRT analyses were conducted using samples concentrated by centrifugation and applied
to slides. The recovery efficiency of cells remaining on the slide throughout the ISRT
procedures was generally greater than 90%. Ideally, conductaity molecular

detection using samples on filters should be the best way to visualize microscale
distribution of bacteria associated with their microhabitats. Currently, we are conducting
tests using ISRT against bacterial samples collected on different types of filters.
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Bacterial communities at the three stations looked quite different in terms of
morphology and size of bacteria. Most of the bacteria at Stn. 1 were small cocci-shaped
cells; most cells at Stn. 3 were attached to particles or debris; and the population at Stn. 6
was a mixture of cocci and rod-shaped cells. There was a notable shift toward larger and
more elongate cells from high salinity to low salinity waters. In all samples,
autofluorescent cells or particles accounted for <2% of total DAPI counts. Cells detected
by ISRT with the eubacterial primer (EUB927) accounted for 76, 43 and 85% of total
DAPI-stained cells at Stns. 1, 3, and 6, respectively (Table 2). Previous reports based on
FISH found that eubacteria account for 35 to 67% of DAPI counts in natural
bacterioplankton communities [17]. Samples from Stn. 3 contained high levels of detritus
and higher fluorescent backgrounds, probably resulting in underestimates of cell numbers
by ISRT.

The relative proportion of each of the major taxonomic subgroups varied between Stns.
1, 3, and 6. Marine alplRroteobacteriaaccounted for 32 and 18 % of total eubacteria at
Stns. 1 and 3, respectively (Table 2), but <1% of eubacteria in the freshwater of Stn. 6.
This observation is in concordance with the distribution of marine alpha bacteria in
Georgia coastal rivers as determinedrbyitro hybridization [15]. The marine alpha
proteobacterial group was first defined by Gonzalez and Moran [15] based on the close
phylogenetic kinship among a group of alptrateobacteriasolated from marine
environments. They found that the percentage of marine Blgib@obacteriadeclines
with decreasing salinity along an estuarine transect and the group was not detectable in
freshwater samples.

Table 2. Proportion of each bacterial group vs. eubacteria in the three sampling stations.

Bacterial groups Stn. 1 (34.8%o) Stn. 3 (24.6%o) Stn. 6 (0%o)
Eubacteria* 76% 43% 85%
Marine Alpha 32% 18% <1%
Gamma 33% 42% 23%
Beta 13% 19% 41%
Delta 5% 8% 7%

The betaProteobacteriaaccounted for 13%, 19% and 41% of eubacteria at Stns. 1, 3
and 6, respectively, showing an apparent affinity for freshwater. The gamma group made
up a significant percentage of total eubacteria at all samples accounting for 33, 42 and 23
% of eubacteria at Stns. 1, 3 and 6, respectively. It has been previously established that
microbial communities in marine environments can be dominated by species from the
gamma subclass &roteobacterig10, 13]. Glockner et al. [14] reported that the
gamma subgroup appeared to be dominant in a freshwater bacterial community as well.
Most of the water samples collected from the Satilla River contained high amounts of fine
detrital material, and a large percentage of the bacteria were associated with detrital
particles. Acinas et al. [1] found that the particle-associated bacterial communities in the
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offshore Western Mediterranean Sea exhibited lower diversity than did the free-living
bacteria, and was comprised almost exclusively of the gdPnataobacteria As

measured by ISRT, the delta subgroup accounted for <8% of eubacterial cells in all
samples. The sum of bacteria detected by the four group-specific primers was usually
lower than the total number of cells detected by the eubacterial primer.

A second part to this investigation was to deteditu gene expression of BTEX
dioxygenases after natural bacterial communities had been exposed to toluene or xylene
vapor for one week. About 20-30 % of DAPI stained cells expressed the BTEX
degrading genes in Flask 1 (natural seawater that had been exposed to 0.2% toluene
vapor) (Table 3). About 12-21% of the natural bacterial community responded to
exposure of xylene vapor by expressing their BTEX dioxygenase genes (Flask 2 in Table
3). No positive BTEX signal was detected in the control samples. This experiment
suggests that ISRT can be applied to detesitu gene expression of natural microbial
communities to help us understand microbial function corresponding to certain
environmental changes.
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