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We describe a new method for studying the structure and diversity of bacterial communities in the natural
ecosystem. Our approach is based on single-strand-conformation polymorphism (SSCP) analysis of PCR
products of 16S rRNA genes from complex bacterial populations. A pair of eubacterial universal primers for
amplification of the variable V3 region were designed from the 16S rRNA sequences of 1,262 bacterial strains.
The PCR conditions were optimized by using genomic DNAs from five gram-positive and seven gram-negative
strains. The SSCP analysis of the PCR products demonstrated that a bacterial strain generated its charac-
teristic band pattern and that other strains generated other band patterns, so that the relative diversity in
bacterial communities could be measured. In addition, this method was sensitive enough to detect a bacterial
population that made up less than 1.5% of a bacterial community. The distinctive differences between bacterial
populations were observed in an oligotrophic lake and a eutrophic pond in a field study. The method presented
here, using combined PCR amplification and SSCP pattern analyses of 16S rRNA genes, provides a useful tool
to study bacterial community structures in various ecosystems.

Although the study of the structure and function of bacterial
communities is crucial to an understanding of the dynamics
and stability of the natural ecosystem, the limited methodology
available at present hardly makes it possible to study species
composition and diversity of whole bacterial communities.
Only small fractions of bacteria in natural environments can be
isolated and characterized (37); fewer than 10% of the bacteria
found in nature have been cultured, and only 5,000 species of
bacteria have been accurately described (1). There are many
problems in using the present culture methods with selective
media to study the structure of bacterial communities in nat-
ural ecosystems (7, 35). Various molecular biological methods
have been used to attempt to determine the species composi-
tion of bacterial populations without enrichment culture. Many
of those attempts involved cloning and sequencing of the 16S
rRNAs (3, 4, 32). The results from various marine ecosystems
support the notion that novel lineages of proteobacteria are
one of the most abundant members of bacterioplankton com-
munities in subtropical oceans (5, 22, 36).

In spite of their many other applications, there are practical
problems in using molecular biological methods for ecological
studies. Because significantly large numbers of samples must
be analyzed in the surveys assessing temporal and spatial dy-
namics of bacterial populations in a natural ecosystem, the
methods used must be more rapid and simpler. The sequencing
methods are inadequate for this purpose because they require
a lot of time and effort and hence cannot provide an immediate
overview on the structure of whole bacterial assemblages. The
DNA hybridization method with a specific oligonucleotide
probe is useful for a specific population as well as for dominant
groups (2, 9, 28). However, it also needs as much time and
effort as sequencing methods, since many parallel probes and
experiments for each sample are required to analyze the com-
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plex community structure in natural ecosystems. To avoid
these problems, restriction fragment length polymorphism pat-
terns of 16S rRNA and the size variation of the spacer region
between 16S and 23S rRNA were proposed as a new basis for
a more simple and efficient method (12, 18, 21). However, the
restriction fragment length polymorphism analysis, which is
based on the size difference of digested fragments, has limited
resolution in identifying a specific phylogenetic group within a
complex community, since it cannot utilize sequence informa-
tion other than restriction sites. In the case of spacer polymor-
phism analysis, the drawback is the fact that more than one
kind of PCR product with different sizes can result from a
single organism. For example, there are two kinds of spacers in
E. coli. The E. coli genome is known to contain seven rrn loci
(13, 14). In four of them, the spacer region contains a single
tRNAS™ gene. The other three loci have two tRNA genes in
this spacer region: tRNA"® and tRNA*', Another restriction
in applying these methods is that known data on restriction
fragment length polymorphism patterns and spacer regions are
insufficient. Recently, a novel approach which can give better
profiles of bacterial community structure was suggested by
Muyzer et al. (23). They used the denaturing gradient gel
electrophoresis method, which separates PCR products by the
difference of nucleotide sequence in melting domains. How-
ever, some practical disadvantages remain. To generate the
GC clamp indispensable for the stability of transitional mole-
cules, a relatively long primer must be used, and it may cause
artifacts in the annealing step of the PCR. In addition, the
results of denaturing gradient gel electrophoresis may be af-
fected by the heteroduplex molecules produced during PCR.
The mismatched base pairs contained in heteroduplexes ren-
der them inherently less stable under the denaturing condi-
tions of denaturing gradient gel electrophoresis (31).

Our procedure is based on PCR and single-strand-confor-
mation polymorphism (SSCP). This method has been used
primarily to detect known or novel polymorphisms and muta-
tions in human genes (26, 27). Under nondenaturing condi-
tions, single-stranded DNA has a folded structure which is
determined by intramolecular interactions and its nucleotide
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sequence. The electrophoretic mobility of the DNA in a gel is
dependent not only on its length and molecular weight but also
on its shape (39). Therefore, in SSCP analysis, DNA fragments
with the same size but different sequences can be separated
into different bands in polyacrylamide gel electrophoresis be-
cause of the different mobilities of their folded structure (11).

The purpose of this work was to develop a new method for
studying the structure and diversity of bacterial communities in
an aquatic ecosystem. The PCR amplification of specific vari-
able regions in 16S rRNA genes was optimized, and the am-
plified products were separated by SSCP-heteroduplex analy-
sis. Comparison of distinct band patterns with a laser beam
densitometer showed that this procedure is applicable to the
assessment of bacterial community structure in various aquatic
ecosystems.

MATERIALS AND METHODS

Bacteria. Bacillus megaterium KCTC 3007, Bacillus subtilis KCTC 1021, Mi-
crococcus luteus KCTC 1056, Nocardioides simplex KCTC 9106, Staphylococcus
aureus KCTC 1916, Acinetobacter calcoaceticus KCTC 2357, Enterobacter pyrinus
KCTC 2520, Escherichia coli KCTC 1039, Helicobacter pylori KCTC 2691,
Pseudomonas cepacia KCTC 2475, Zoogloea ramigera KCTC 2531, and Zymomo-
nas mobilis KCTC 1534 were obtained from the Korean Collection for Type
Cultures (KCTC). After 24 h of cultivation under the culture conditions recom-
mended, the cells were harvested by centrifugation and bacterial DNA was
extracted.

Nucleic acid extraction. A modification of the procedure described by Ro-
chelle et al. was used in extracting DNA from bacteria (30). The bacterial cell
pellet, resuspended in 300 pl of lysozyme solution (0.15 M NaCl, 0.1 M EDTA
[pH 8.0] 15 mg of lysozyme ml~!), was incubated at 37°C for 1 h with mixing by
inversion every 15 min. The sample was cooled on ice. After addition of 300 .l
of SDS buffer (0.1 M NaCl, 0.5 M Tris-HCI [pH 8.0], 4% sodium dodecyl sulfate
[SDS]), the sample was incubated in an ice bath for 10 min and then let stand at
55°C for 10 min. The freezing-thawing process was repeated three times. Bac-
terial genomic DNA was extracted and purified from cell lysates by two sequen-
tial phenol-chloroform extractions and an isopropanol precipitation. The DNA
pellet was washed with 70% ethanol and resuspended in sterile TE buffer. These
DNA preparations were stored at —20°C and used as template DNAs in the
subsequent PCR.

PCR. To design the eubacterial universal primers for amplification of 16S
rDNA fragments, the database of eubacterial 16S rRNA sequences (EMBL) was
analyzed with a computer program designed for this study (24). PCR amplifica-
tion was performed with a DNA thermal cycler (Perkin-Elmer Co.) under the
following conditions: 94°C for 5 min; 30 cycles of denaturation at 94°C for 1.5
min, annealing at 62°C for 1.5 min, and extension at 72°C for 2.0 min; 72°C for
20 min. Reaction mixtures (final volume, 100 pl) contained 1.5 mM MgCl,, 10
mM Tris-HCI (pH 8.8 at 25°C), 50 mM KCl, 0.1% Triton X-100, 200 M each
deoxynucleoside triphosphate, 0.1 pM each oligonucleotide primer, and 2.0 U of
DynaZyme (Finnzymes Co.). DNA templates were added to a final concentra-
tion of 1 ng - ul~'. The PCR products were electrophoresed in 2.0% agarose gel
and stained with ethidium bromide.

SSCP-heteroduplex pattern analysis. The modified methods of SSCP-hetero-
duplex pattern analysis were used for the separations of amplified products (15).
After being mixed with an equal volume of loading buffer (95% formamide, 10
mM NaOH, 20 mM EDTA, 0.02% bromophenol blue, 0.02% xylene cyanol FF),
the sample was heated for 3 min at 95°C and then cooled to room temperature
before being loaded onto a gel. The samples were electrophoresed in a 6%
acrylamide-bisacrylamide (49:1) gel (10% glycerol) with TBE buffer (90 mM
Tris-borate, 2 mM EDTA [pH 8.0]) for 12 h at 550 v. In other experiments for
the results without heteroduplex bands, alkali denaturing buffer (0.1 M NaOH,
20 mM EDTA) and a gel without glycerol were used to prevent the formation of
heteroduplex DNAs. The loading dye (0.1% bromophenol blue plus 0.1% xylene
cyanol FF in formamide) was added just before the sample was loaded. On
terminating electrophoresis, the acrylamide gel was stained with 0.15% silver
nitrate solution for 10 min, rinsed with distilled water, developed with a reagent
(1.5% NaOH, 0.01% sodium borohydride, 0.15% formaldehyde) for 5 to 10 min,
washed with distilled water, fixed with 0.75% sodium carbonate solution for 10
min, and rinsed again with distilled water. The silver-stained gel was covered with
Saran wrap to prevent drying and photographed with GA-100 film (Fuji Co.) and
an Autocompanica 690C camera (RBS Co.). The bands on the positive film were
analyzed with a laser beam densitometer (UltroScan XL, Pharmacia Co.) for
quantification.

Collection of natural bacterial population by filtration. Freshwater from Lake
Soyang, Korea, was collected in a sterile bottle (2 liters) with a Niskin water
sampler and stored in a cooler until it was received in the laboratory. In the
laboratory, the water samples were prefiltered with a sterilized nitrocellulose
membrane (pore size, 3.0 wm; Nuclepore Co.), and the filtrates were filtered

PCR-SSCP STUDIES OF BACTERIAL COMMUNITIES 3113

again with a stirred ultrafiltration cell (Amicon Co.) and YM100 disk membranes
(molecular weight cutoff, 100,000; Amicon Co.) under N, gas at constant pres-
sure (20 Ib/in?). When the bacterial cells were observed by the acridine orange
direct count method, most of them were smaller than 2.0 pm in diameter and
cells greater than 3.0 wm were rare. Therefore, the bacterial cells collected on the
3.0-wm filter and ultrafilter were used for analyses of the particle-attached and
free-living bacterial populations, respectively. To detach the bacteria from the
membrane, the filter was soaked with a small volume of sterile STE buffer (0.1
M NaCl, 10 mM Tris, 1 mM EDTA [pH 7.6]) for 1 h at 4°C. The resuspended
buffer was centrifuged (10,000 X g) for 15 min at 4°C, and supernatant was
removed gently. This detaching step was repeated four times, and the collected
cell pellet was stored at —70°C until used for DNA extraction.

Collection of a heterotrophic bacterial population by cultivation. Unfiltered
samples (1 ml) for the analysis of heterotrophic bacterial population were inoc-
ulated on Zobell 2216e medium with distilled water and incubated for 2 weeks at
20°C. After the selection of plates containing 50 to 100 colonies, all bacterial
colonies were put into microtubes with sterile toothpicks. Cultured bacterial
samples were stored at —70°C until used for DNA extraction.

RESULTS

PCR. The nucleotide sequences of the primers used in this
study are as follows: SRV3-1, 5'-CGGYCCAGACTCCTAC
GGG-3'; SRV3-2, 5'-TTACCGCGGCTGCTGGCAC-3’ (Y is
C or T). Amplified 16S rDNA fragments in the different bac-
terial species with these primers correspond to positions 330 to
533 in E. coli. Each nucleotide of the primers was conserved in
more than 98.5% of 1,262 strains in the EMBL database,
except nucleotides 4, 6, 7, and 8 in SRV3-1, which were con-
served in 88.0 to 97.9% of the tested strains. To check our
primers, the Check Probe program served by the Ribosomal
Database Project was used with the prokaryotic-small-subunit-
rRNA database containing 2,709 eubacterial strains (17).
When the number of permitted mismatches was 2, the results
showed that 2,144 strains could be aligned with SRV3-1 and
2,259 strains could be aligned with SRV3-2.

Five gram-positive and seven gram-negative bacteria with
different taxonomic positions were used to determine the op-
timal PCR condition for the diverse bacterial strains (Table 1).
Ten strains whose 16S rRNA sequences were listed in the
database had V3 regions of different sizes and contained a
common recognition site (5'-CGCG-3") for the restriction en-
donuclease (BstUI). The expected sizes of PCR products from
these strains could be divided into four groups: 205 bp in two
strains, 204 bp in four strains, 184 bp in two strains, and 179 bp
in two strains. To evaluate our universal primers, two strains
whose 16S rRNA sequences were not known were also in-
cluded in the experiments. After the optimization of PCR
conditions, to confirm if the PCR products correspond to the
V3 region of 16S rRNA gene, they were digested with BstUI
and analyzed by 2% agarose gel electrophoresis (Fig. 1). This
result demonstrated that variable V3 regions of 16S rDNA
were amplified successfully with our primers regardless of
whether they were gram-positive or gram-negative bacteria.
Therefore, the primer pair can be used to amplify the V3
region from the diverse bacterial populations in the environ-
ment.

SSCP-heteroduplex pattern analysis. To analyze the PCR
products of 11 strains, the SSCP-heteroduplex patterns were
observed by silver staining (Fig. 2). Bands of double-stranded
DNAs of 179 to 205 bp were detected at the bottom of the
acrylamide gel (Fig. 2b). The mobilities of single-stranded and
heteroduplex DNAs were lower than those of double-stranded
DNAs, and smaller products had higher mobilities (Fig. 2a). In
addition, double-stranded and single-stranded DNAs were dis-
tinguished from each other by their stained colors. The double-
stranded DNAs were dark brown, and the single-stranded
DNAs were red-brown (data not shown). A PCR product from
a single strain (A. calcoaceticus) showed two bands correspond-
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TABLE 1. Standard strains used to evaluate the PCR and SSCP-heteroduplex analysis method

Size of PCR product (bp) Sequence similarity with

Species KCTC strain no. Group (suesB (s)tht\IV(()ﬁgeasgt;g?)lts by A. calcoaceticus (%)
Bacillus megaterium KCTC 3007 18 204 (73 + 131) 67.8
Bacillus subtilis KCTC 1021 18 205 (73 + 132) 68.3
Micrococcus luteus KCTC 1056 17 184 (73 + 111) 75.6
Nocardioides simplex KCTC 9106 22 184 (73 + 111) 70.6
Staphylococcus aureus KCTC 1916 17 204 (73 + 131) 70.9
Acinetobacter calcoaceticus KCTC 2357 04 205 (73 + 132) 100.0
Enterobacter pyrinus KCTC 2520 05 Unknown Unknown
Escherichia coli KCTC 1039 05 204 (73 + 131) 87.3
Helicobacter pylori KCTC 2691 02 179 (73 + 106) 70.2
Pseudomonas cepacia KCTC 2475 04 204 (73 + 131) 82.0
Zoogloea ramigera KCTC 2531 04 179 (73 + 106) 77.6
Zymomonas mobilis KCTC 1534 05 Unknown Unknown

“ Numbers within the group column represent the groups in Bergey’s Manual of Determinative Bacteriology (11a). Group 02, aerobic/microaerophilic, motile,
helical/vibrioid gram-negative bacteria; group 04, aerobic/microaerophilic gram-negative rods and cocci; group 05, facultatively anaerobic gram-negative rods; group 17,
gram-positive cocci; group 18, endospore-forming gram-positive rods and cocci; group 22, nocardioform actinomycetes.

ing to two single-stranded DNAs derived from a double-
stranded DNA (Fig. 2a, lane A). When the PCR products that
were amplified from the mixtures containing genomic DNAs of
A. calcoaceticus and 1 of the other 10 strains were loaded,
different banding patterns caused by the combinations of
strains were observed (Fig. 2a, lanes 1 to 10). Two bands of
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FIG. 1. BstUI digestion pattern of the PCR amplification products for the
bacterial genomic DNA samples. Odd-numbered lanes represent the PCR prod-
ucts, and even-numbered lanes represent the digested fragments. (a) BstUI
digestion pattern of the gram-positive strains. Lanes: S, size marker; 1 and 2,
Bacillus megaterium; 3 and 4, Bacillus subtilis; 5 and 6, Micrococcus luteus; 7 and
8, Nocardioides simplex; 9 and 10, Staphylococcus aureus. (b) BstUI digestion
pattern of the gram-negative strains. Lanes: S, size marker; 1 and 2, Acinetobacter
calcoaceticus; 3 and 4, Enterobacter pyrinus; 5 and 6, Escherichia coli; 7 and 8§,
Helicobacter pylori; 9 and 10, Pseudomonas cepacia; 11 and 12, Zoogloea ramigera;
13 and 14, Zymomonas mobilis.

single-stranded DNAs produced from A. calcoaceticus were
observed in all lanes, and additional single-stranded DNA
bands from mixed strains were also detected in each lane. In
addition, single-stranded DNAs of similar lengths were distin-
guished from each other by the different mobilities based on
secondary structures.

Two additional dark bands, which were not identified from
the individual experiments on a single strain, were also ob-
served in mixed samples (Fig. 2a, lanes 1 to 10). From the
evidence of stained colors, these new bands were double-
stranded DNA. To identify new bands, these bands were cut
from the gel and the DNAs were eluted in a small volume of
TE buffer. When the DNAs of these bands were used as a
template for PCR reamplification, their SSCP-heteroduplex
pattern was identical to that of the mixed strains (Fig. 3).
Therefore, the new bands were determined to be heteroduplex
DNAs produced from single-stranded DNAs of each strain.
The positions of heteroduplex DNA bands were related to the
size of the DNA and the sequence homology of the two strains
(Fig. 2¢). As listed in Table 1, the strains had different se-
quence similarities to A. calcoaceticus. The heteroduplex
DNAs of A. calcoaceticus and E. coli that showed the highest
similarity value were observed at the bottom of the gel (Fig. 2c,
lane 7). However, the bands produced from A. calcoaceticus
and strains belonging to the low-G+C gram-positive group
were located in the uppermost region (Fig. 2c, lanes 1, 2, and
5), and this group showed low sequence similarities to A. cal-
coaceticus.

The heteroduplex bands do not represent a single strain but
a combination of two strains. Although the heteroduplex bands
can be discerned by their stained color, they may form complex
banding patterns in the analysis of natural populations. Be-
cause of these problems, there was a need for an improved
method to obtain the results without heteroduplex bands. This
was done by use of an alkali denaturing buffer (0.1 M NaOH,
20 mM EDTA) and a gel without glycerol. With these novel
reagents, only single-stranded DNAs were observed in all lanes
that were loaded with PCR products amplified from the mixed
samples (Fig. 4). This approach can result in simple banding
patterns in which a single band corresponds to a single species,
with somewhat reduced resolution of the SSCP band patterns.

Sensitivity. The sensitivity of our methods was evaluated by
analyzing PCR products from samples with different propor-
tions of two strains, A. calcoaceticus and Z. ramigera. The
genomic DNA of A. calcoaceticus was serially twofold diluted
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FIG. 2. SSCP-heteroduplex pattern analysis of the PCR amplification products of the mixtures of A. calcoaceticus and one of the other standard strains. (a)
Single-stranded and heteroduplex DNA; (b) double-stranded DNA; (c) schematic diagram. Lanes: A, A. calcoaceticus alone; 1, mixed with B. megaterium; 2, mixed with
B. subtilis; 3, mixed with M. luteus; 4, mixed with N. simplex; 5, mixed with S. aureus; 6, mixed with E. pyrinus; 7, mixed with E. coli; 8, mixed with H. pylori; 9, mixed
with P. cepacia; 10, mixed with Z. ramigera. Numbers in panel ¢ represent the sequence homology. HGC, gram-positive (high G+C) and relatives; LGC, gram-positive
(low G+C) and relatives; Prb, beta Proteobacteria; Pre, epsilon Proteobacteria; Prg, gamma Proteobacteria. Symbols: mm | single-stranded DNA; 1, double-stranded

and heteroduplex DNA.

in the mixture of target DNAs of the two strains, while that of
Z. ramigera was kept constant. As shown in Fig. 5, the different
intensities of DNA bands amplified from A. calcoaceticus were
observed in the SSCP-heteroduplex profile. The double-
stranded DNAs were not observed in the sample diluted to
1/2*. However, the bands of single-stranded and heteroduplex
DNAs were detected in the samples serially diluted up to 1/2°
and 1/2°, respectively. This indicates that a bacterial popula-
tion making up even 1.5% in the complex communities can be
detected by heteroduplex bands.

Analysis of natural populations. The samples from surface
water in Lake Soyang were analyzed to compare the culture
isolation technique for heterotrophic bacterial populations
with the direct filtration method in this study. In the SSCP-
heteroduplex analysis, many distinctive bands in the separation
pattern most probably derived from as many different bacterial
species constituting microbial communities, were detected
(Fig. 6). Although the same methods were used for DNA
extraction, PCR, and SSCP-heteroduplex pattern analysis, the
banding patterns of the cultivated bacterial sample (Fig. 6, lane

1) differed from those of the samples which were collected
from the same sampling site by filtration (Fig. 6, lanes 2 and 3).
It thus appears that the culture technique selects for bacteria
which do not form predominant bands in the analysis of nat-
ural samples by the filtration method. In addition, more com-
plex patterns were observed in directly filtered samples. The
filtered sample showed more than 25 distinguishable bands,
while the cultured sample showed 13 intensely stained bands.
The result indicates that the existence of uncultivated bacteria
in aquatic ecosystems and the direct filtration technique in our
method is more useful for studying the diverse bacterial pop-
ulations in environmental ecosystems.

The banding profiles of samples from an eutrophic pond and
an oligotrophic lake, Lake Soyang, were also analyzed with a
laser beam densitometer to observe the difference in the bac-
terial populations among trophic states (Fig. 7). The peak
corresponding to the double-stranded DNAs of the large PCR
products was greater than that of the small products in the
eutrophic pond. In Lake Soyang, however, the peak corre-
sponding to small products was higher and the peaks of het-
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FIG. 3. SSCP-heteroduplex pattern analysis to confirm heteroduplex forma-
tion in mixed samples. DNAs loaded in lanes 1 to 3 are PCR products from the
genomic DNA of 4. calcoaceticus (lane 1), Enterobacter pyrinus (lane 2), and the
genomic DNA mixture of the two strains (lane 3). For the last two lanes, the
reamplified products of band 1 (lane 4) and band 2 (lane 5) were loaded.

eroduplex and single-stranded DNAs differed from those in
the eutrophic pond. We can infer that the structures of the
bacterial communities in the two sampling sites differ from
each other because of their different environments.
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FIG. 4. SSCP pattern analysis of the PCR amplification products for the
mixtures of A. calcoaceticus and one of the other standard strains. Lanes: A.
calcoaceticus alone; 1, mixed with B. megaterium; 2, mixed with B. subtilis; 3,
mixed with M. luteus; 4, mixed with N. simplex; 5, mixed with S. aureus; 6, mixed
with E. pyrinus; 7, mixed with E. coli; 8, mixed with H. pylori; 9, mixed with
P. cepacia; 10, mixed with Z. ramigera; 11, mixed with Z. mobilis.
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FIG. 5. SSCP-heteroduplex pattern analysis of the PCR amplification prod-
ucts for the genomic DNA mixtures of A. calcoaceticus and Z. ramigera in various
ratios. The amount of genomic DNA of A. calcoaceticus was serially twofold
diluted, while that of Z. ramigera was kept constant. The rows of heteroduplex
bands are marked with arrows. (a) Single-stranded and heteroduplex DNAs; (b)
double-stranded DNAs.

DISCUSSION

The use of 16S rRNAs as an indicator for species diversity is
providing a fresh approach for investigating the structure of
microbial communities (35). However, any analytical proce-
dure for the studies of the complex natural populations has the
potential for some selectivity. The rRNA approaches may be
affected by many factors such as biased sample collection,
differential cell lysis and nucleic acid extraction, differential
amplification, and selective cloning. In recent studies the ef-
fects of sample handling and of the number of 16S rRNA genes
on PCR amplification and the relative efficiency of gene am-
plification were described (6, 29, 34). This makes it difficult to
quantify the number of species in environmental samples by a
molecular technique including PCR. Although biases in the
molecular ecological methods are not yet well understood, they
appear to be less limiting than those of the culture-based
analyses. It thus appears that the rRNA approach, together
with other molecular ecological techniques, has great potential
for an analysis of microbial diversities. Therefore, we have
tried to analyze the 16S rRNA fragments as a marker for
microbial communities.

In this study, 16S rRNA nucleotide sequences of 1,262 bac-
terial strains were analyzed to amplify the most diverse frag-
ments. Of nine variable regions (24), the sequences in the V3
region showed the greatest variance among the bacterial
groups and conserved sequences in both ends of the fragment.
Our universal primers (SRV3-1 and SRV3-2) have similar lo-
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FIG. 6. SSCP-heteroduplex pattern analysis of the PCR amplification prod-
ucts for the genomic DNAs extracted from the bacterial colonies on the agar
plate and bacterial cells collected by filtration. Lanes: 1, cultured on agar plate;
2, collected on ultrafilter; 3, collected on 3.0-pwm-pore-size membrane filter.

cations and sequences to those (5'-CCTACGGGAGGCAGC
AG-3' and 5-ATTACCGCGGCTGCTGG-3') used by
Muyzer et al. (23), but we can exclude the possibility of cre-
ation of 3’-end dimers. A comparison of the databases of
rRNA sequences with our primers showed that mitochondrial
and eukaryotic rRNAs had low homology (below 50%). It is
unlikely that V3 fragments will be amplified from archaebac-
terial TDNAs because of low homology with one primer
(SRV3-1). The chloroplasts phylogenetically related to cya-
nobacteria (38) can show amplified nucleotides of about 180
bp, but they are components of large eukaryotic cells and can
be removed in the natural samples by prefiltration with a 3.0-
pm-pore-size membrane.

The SSCP analysis is a simple and effective method for the
detection of minor sequence changes in PCR-amplified DNA
(33). The characteristic three-dimensional shape of nucleic
acids alters the electrophoretic mobility of the fragments. The
folded structure of single-stranded DNA is sensitive to a
change of nucleotide sequences. It was reported that 97% of
mutations in 100- to 300-base strands caused a mobility shift
(11). However, many factors, such as gel matrix, temperature,
fragment size, and sequence context, can influence the sensi-
tivity of SSCP (16). It is known that complementary single
strands are better separated in gels with low cross-linking (19).
A gel with lower cross-linking is softer, has remarkably in-
creased pore size, and seems to be more sensitive to confor-
mation. It has been found empirically that the presence of low
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concentrations of glycerol (5 to 10%) in a gel frequently im-
proves the separation of mutated sequences (26). The reason
for this is unknown, but glycerol may affect the relative mobil-
ities of single-stranded DNA because of its denaturing prop-
erties on the secondary conformation of macromolecules.
Therefore, in this study, a low-cross-linking (49:1) polyacryl-
amide gel with glycerol (10%) was used for the SSCP-hetero-
duplex analysis. However, we could prevent the formation of
heteroduplex bands only in the gel without glycerol. It was also
found that the formamide loading dye interfered with dena-
turation if added at the same time as the alkali denaturant (39).
This could be due to the chemical reaction between formamide
and the alkali. Hence, the formamide dye was added to the
sample just before it was loaded onto the gel, and a gel without
glycerol was used to get results which are not affected by the
heteroduplex DNAs. Although both SSCP and SSCP-hetero-
duplex analyses were done in this study, each method had
advantages and disadvantages. In SSCP analysis, the hetero-
duplex bands could be removed by improved procedures but
the resolution of the SSCP band patterns was reduced some-
what. In SSCP-heteroduplex analysis, the heteroduplex bands
represented combinations of two strains but revealed a better
resolution because of the inclusion of glycerol. Moreover, the
heteroduplex bands were easy to detect because of their
stained color. This property will be useful in analyzing the
minor populations in complex communities.

There is a lot of secondary-structure conservation in 16S
rRNA. It may seem that only limited sequence changes can
cause detectable structural changes of the molecule in the
SSCP analysis. However, some variable regions of 16S rRNA
show great variations among the genera and species. The ex-
ample in Fig. 8 illustrates unique structural heterogeneities in
the nucleotide 450 stem-loop region of the 16S rRNA mole-
cule which characterize the major divisions of eubacterial
strains (10). The stem and loop of Agrobacterium tumefaciens,
which belongs to the alpha Proteobacteria group, are smaller
than those of other groups, while Bacillus subtilis, which be-
longs to the group of low-G+C gram-positive bacteria, has a
large stem-loop structure. The other strains show variable sizes
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FIG. 8. Secondary-structure models for the nucleotide 450 stem-loop region of the 16S rRNA of 13 bacterial strains. The strains belong to different phylogenetic
groups. Numbers represent the stem length or the number of bases forming each loop. The groups and strains are as follows: Pra, Agrobacterium tumefaciens; Pre,
Campylobacter sputorum; Gns, Thermomicrobium roseum; Cy, Synechococcus sp. strain 6301; HGC, Arthrobacter globiformis; Rr, Thermus thermophilus; Gs, Chlorobium
vibrioforme; Fl, Bacteriodes fragilis; Prd, Myxococcus xanthus; Plm, Planctomyces staleyi; Sp, Spirochaeta aurantia; Prg, Escherichia coli; LGC, Bacillus subtilis. For the full

name of each group, see Table 2.

TABLE 2. Matrix of PCR product sizes and phylogenetic groups in the database

Size (bp) of Group* Total
PCR products Cy Fi FI  Fu Gs HGC LGC Pm Pra Prb Prd Pre Prg Rr Sp Tt Ua
175 1 1
176 1 1 2
177 1 1 2
178 2 7 9
179 2 57 88 1 27 1 5 1 184
180 2 2 2 2 23 3 34
181 4 2 3 2 1 13
182 1 2 4 3 1 11
183 21 16 1 38
184 1 84 2 87
185 7 7
186 5 1 6
187 6 6
188 1 1 1 3
189 1 2 1 4
190 2 1 1 4
191 1 3 1 5
192 2 16 18
193 1 1 2
194 1 1
195 5 5
196 10 4 50 1 1 66
197 3 3 5 11
198 12 4 4 20
199 2 45 1 3 1 52
200 7 2 9
201 1 1 1 1 1 5
202 1 1 2 1 1 2 1 9
203 7 6 10 15 1 39
204 3 3 1 178 50 6 163 21 1 4 430
205 110 22 2 18 1 2 155
206 5 2 1 1 9
207 7 1 8
208 1 1 5 7
Total 3 7 15 73 26 4 204 389 6 100 58 42 50 186 24 56 4 12 1,262

“ Numbers within the group and total columns represent the number of strains. Ch, chlamydiae; Cy, cyanobacteria; Fi, fibrobacters; Fl, flavobacteria and relatives;
Fu, fusobacteria and relatives; Gns, green nonsulfur bacteria; Gs, green sulfur bacteria; HGC, gram-positive (high G+C) and relatives; LGC, gram-positive (low G+C)
and relatives; Plm, planctomycetes and relatives; Pra, alpha Proteobacteria; Prb, beta Proteobacteria; Prd, delta Proteobacteria; Pre, epsilon Proteobacteria; Prg, gamma
Proteobacteria; Rr, radioresistant micrococci and relatives; Sp, spirochetes; Tt, Thermotogales; Ua, uncertain affiliation.
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of the stem and loop, and PCR products amplified with our
primers include this stem-loop region. If PCR products of the
strains belonging to the same group have an identical shape,
they will not produce distinguishable bands in the SSCP anal-
ysis. For example, M. luteus and N. simplex belong to the
high-G+C gram-positive group, and A. calcoaceticus and E.
coli belong to the gamma Proteobacteria group. However, the
locations of bands differed within the same group (Fig. 2).
Furthermore, it was found that because of its high resolving
power, polyacrylamide gel electrophoresis can distinguish most
conformational changes caused by subtle sequence differences
such as one base substitution in a several-hundred-base frag-
ment (33). Therefore, the SSCP technique can be applied to
separate 16S rDNA fragments which are amplified from the
samples of complex bacterial populations.

The results obtained with natural samples prepared from all
the cultured bacterial colonies and cell pellets concentrated by
nitrocellulose membrane filtration or ultrafiltration show that
more complex patterns were obtained in directly filtered sam-
ples (Fig. 6). This is in agreement with the opinion that the
cultured bacteria represent fewer than 10% of the microorgan-
isms found in the natural environment (1) and with reports of
viable but nonculturable organisms in many bacterial strains
(20, 25). In addition, the samples filtered for the analyses of
particle-attached and free-living bacterial populations showed
different banding patterns. This implies that the community
structures of particle-attached and free-living bacteria in fresh-
water differ because of different habitats; results similar to this
were observed in the marine ecosystem. The rRNA genes of
the <10-pum free-living and the aggregate-attached cells are
fundamentally different (5). Whereas most rRNA genes recov-
ered from the prefiltered sample were related to the alpha
proteobacterial SAR11 cluster, most macroaggregate-attached
rRNA clones were related to the Cytophaga-Flavobacterium
cluster, the Planctomycetales, or the gamma Proteobacteria.

16S rRNAs isolated from natural bacterioplankton samples
were diverse but fell predominantly into several distinct phy-
logenetic groups (8). Most of the clones constructed from
Sargasso Sea bacterioplankton populations belonged to the
cyanobacteria and the alpha or gamma subclass of proteobac-
teria (22). The analysis of a subsurface water sample from the
Pacific Ocean yielded similar results (32). When the matrix of
the expected sizes of PCR products was constructed from the
database and our primers, the product sizes ranged from 175 to
208 bp, showed typical patterns for each bacterial group, and
could be divided into several clusters on the basis of their
phylogenetic categories (Table 2). If we assume that the above-
mentioned gram-negative bacteria are also predominant in
freshwater, we can infer that the peaks of double-stranded
DNAs, which were measured at about 204 and 179 bp in the
SSCP-heteroduplex analysis, represent beta and gamma Pro-
teobacteria and alpha Proteobacteria, respectively. These peaks
for eutrophic pond and oligotrophic lake water organisms were
different from each other (Fig. 7). Therefore, our results can be
interpreted to show that gamma and beta Proteobacteria
groups are more abundant in an eutrophic environment, while
the alpha group is predominant in an oligotrophic lake, as long
as tDNA copy numbers do not vary greatly for bacteria in the
aquatic ecosystem. This means that the methods described
here are useful for the analysis of bacterial populations af-
fected by the trophic state.

In conclusion, the novel method described here can provide
an immediate display of all the members of a complex bacterial
population. It is less time-consuming and laborious and offers
several advantages with respect to previous approaches. The
method does not require radioactive substrates and long PCR
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primers containing GC clamps. Rapid and detailed informa-
tion can be obtained by the reamplification and sequencing of
separated bands in the gel. By using fluorescence-labeled prim-
ers or other sets of primers for specific bacterial groups, re-
solving powers can be improved and overlapping of bands in
gels can be decreased. Therefore, a newly developed method
consisting of direct filtration, DNA extraction, amplification of
the V3 region with PCR, and densitometric analysis of SSCP or
SSCP-heteroduplex patterns is useful for the study of temporal
and spatial changes in bacterial community structures in vari-
ous aquatic ecosystems.
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