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FIG. 2. OTUs determined from RFLP analysis of representative
bacterial 16S rDNA cloned inserts restricted with Alul plus Rsal.
Lanes A and J contained Haelll-restricted $X174 DNA size markers.
Lanes B, K, and R, OTU 1 clones; lanes C and L, OTU 2 clones; lanes
D and M, OTU 3 clones; lane E, OTU 4 clone; lane F, OTU 5 clone;
lane G, OTU 6 clone; lane H, OTU 7 clone; lane I, OTU 8§ clone; lane
N, OTU 9 clone; lane O, OTU 10 clone; lane P, OTU 11 clone; lane
Q, OTU 12 clone. Two or three lanes containing members of the same
OTU demonstrate that there was reproducibility among different 16S
rDNA clones in that OTU.

plus Pstl (Table 1). These RFLP patterns resulted from no
more than one internal cut site within the 16S rDNA insert of
any individual clone. Two of the three clones with inserts not
used in the OTU analysis contained incomplete inserts that
were approximately 600 bp long, and the other clone had an
approximately 1.8-kb insert containing a 16S rDNA chimeric
structure. The latter was detected after the cloned 16S rDNA
insert was digested after secondary restriction with tetrameric
endonuclease pairs, which was followed by the hybridization of
two discrete sites to a single universally conserved oligonucle-
otide probe (data not shown).

Secondary restriction of complete 16S rDNA inserts was
performed with tetrameric endonuclease pairs (either Haelll
plus Mspl or Alul plus Rsal) to identify discrete OTUs. In
evaluating the RFLP patterns that emerged, we classified each
discrete pattern, which was either unique for a single clone or
similar for two or more clones, as an OTU. After secondary
restriction of the entire 16S rDNA clone library with Haelll
plus Mspl, 11 OTUs, which included all the clones contained in
the two dominant OTUs (data not shown), were detected.
Secondary restriction of all 16S rDNA clones with Alul plus
Rsal was slightly more discriminating in that one additional
OTU, which contained a single clone, was detected; OTU 11
was separated from OTU 1 in this manner. Overall, when Alul
plus Rsal were used after excision with BamHI plus Pst1, a total
of 12 OTUs were detected (Table 1; Fig. 2).

The validity of the 12 OTUs was confirmed by the results of
16S rDNA fingerprinting of representative 16S rDNA clones
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FIG. 3. 16S rDNA fingerprinting of RFLPs from clones represent-
ing OTUs with oligonucleotide probe 536F. Lanes A, I, and P, OTU 1
clones; lanes B and J, OTU 2 clones; lanes C and K, OTU 3 clones;
lane D, OTU 4 clone; lane E, OTU 5 clone; lane F, OTU 6 clone; lane
G, OTU 7 clone; lane H, OTU 8 clone; lane L, OTU 9 clone; lane M,
OTU 10 clone; lane N, OTU 11 clone; lane O, OTU 12 clone. Two or
three lanes containing members of the same OTU demonstrate that
there was reproducibility among different 16S rDNA clones in that
OTU.

that underwent secondary restriction with Alul plus Rsal by
using oligonucleotide probe 536F (Table 1; Fig. 3). In addition,
16S rDNA fingerprinting confirmed that cloned inserts were
intact 16S rDNA gene fragments; each of the three oligonu-
cleotide probes used hybridized to the universally conserved
regions in the 16S rRNA gene (data not shown for probes 926F
and 1406F). Intact 16S rDNA inserts were determined both
from the overall sizes of cloned inserts after primary restriction
with BamHI plus PstI from the phagemid vector and from the
occurrence of a single hybridization site among the RFLP
bands for each of the three universally conserved oligonucle-
otide probes.

Having identified 12 putative OTUs, we determined the
distribution of the 48 16S rDNA clones among these OTUs
(Fig. 4). The OTUs were numbered solely in the order of
detection, which was assumed to be stochastic, as determined
by the first 16S rDNA clone found in each OTU. OTUs 1 and
2 together accounted for 72.9% of all of 16S rDNA clones. Of
the two dominant OTUs, OTU 2 clones were nearly twice as
prevalent as OTU 1 clones; OTUs 1 and 2 accounted for 25.0
and 47.9%, of the 16S rDNA clones examined, respectively.
The remaining 13 bacterial 16S rDNA clones were distributed
among 10 OTUs. Only 2 of the remaining 11 OTUs contained
more than one clone. Thus, 8 of the 12 OTUs were represented
by a single 16S rDNA clone.

To determine whether in situ bacterial diversity was well
described by the 16S rDNA clones examined, the cumulative
number of OTUs was plotted as a function of clone number
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FIG. 4. Distribution in OTUs of 48 bacterial 16S rDNA clones
from the bacterial mat community at an active, hydrothermal vent
system at Loihi Seamount, Hawaii. Abundance, as determined by the
number of 16S rDNA clones found in each OTU, was used to define
the community structure. The OTUs are shown in order of initial
detection.

(Fig. 5). The bacterial 16S rDNA clones were numbered solely
on the basis of initial detection, which was assumed to be
stochastic. This technique is analogous to generating a rarefac-
tion curve to estimate species richness from a deterministic
transform of species abundance data (46). After the first 27
bacterial 16S rDNA clones were examined, 11 of the 12 OTUs
had been detected. Only one additional OTU was detected
among the remaining 21 clones. The two dominant OTUs were
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FIG. 5. Estimation of diversity in the bacterial mat community at
an active, hydrothermal vent system at Loihi Seamount, Hawaii. The
sequential detection of cumulative OTUs following RFLP analysis of a
48-clone bacterial 16S rDNA clone library is represented. For exam-
ple, after 27 (and 32) clones were examined, 11 (and 12) OTUs were
detected. The 16S rDNA clone numbers reflect the order of initial
detection, which was assumed to be stochastic relative to the distribu-
tion of clones generated in the library.

AppL. ENVIRON. MICROBIOL.

detected prior to any other OTUs and after only the first three
16S rDNA clones were examined.

DISCUSSION

In this paper, we describe the novel use of tandem tet-
rameric restriction endonucleases with cloned 16S rDNA gene
fragments to generate RFLP data (equivalent to ribotyping)
combined with rDNA fingerprinting for the purpose of de-
scribing bacterial community structure and diversity. The focus
of our study was a deep-sea, hydrothermal vent microbial mat
community, and we believe that our analytical strategy should
apply equally well in other habitats. In general terms, a
microbial community is defined as an assemblage of co-
occurring microorganisms interacting at given location or
habitat; it is the highest biological unit made up exclusively of
individuals and populations. Each population within a commu-
nity has a distinct functional role or niche. There are a finite
number of niches within a community, and these are filled by
the intrinsic populations of that community (1). In our usage,
the term community structure encompasses the number of
populations within a community and the number of individuals
within each population. A community’s diversity describes the
number of individual populations, as well as the relative
genetic relatedness among these populations. Obtaining a
better understanding of bacterial community structure and
diversity is crucial to aspects of microbial ecology where
bacteria interact with one another and with their environment
(e.g., global biogeochemical cycling of matter, risk assessment
related to the release of genetically engineered microorgan-
isms, predator-prey relationships, and trophic-level interac-
tions).

A keystone of our approach was the use of tandem tet-
rameric restriction enzymes to establish OTUs. While any one
of the four tetrameric restriction enzymes by itself yielded too
few recognition sites for OTU analysis (data not shown), either
pair of enzymes (Haelll plus Mspl or Alul plus Rsal) would
have been sufficient for the detection of the majority of the
OTUs present in the hydrothermal bacterial community exam-
ined. The 1.5-kb cloned 16S rDNA inserts yielded restriction
fragments in the size range from 50 bp (lower limit of
detection) to 800 bp. In a perfectly random DNA sequence
that contained 50% G+C, a tetrameric recognition site would
occur every 256 bases. Therefore, the use of two tetrameric
restriction enzymes theoretically would yield 11 or 12 recogni-
tion sites within any given 1.5-kb gene fragment. Because of
the moderately higher G+C contents of 16S rRNA genes
(most bacterial 16S rDNAs have G+C contents between 55
and 65% [52]), we initially used restriction enzymes Haelll
plus Mspl. However, Alul plus Rsal yielded more restriction
fragments within the required size range and were slightly
more discriminating for the bacterial 16S rDNA clones exam-
ined in this study (Table 1; Fig. 2), which resulted in detection
of an additional OTU.

An integral part of our analysis was rDNA fingerprinting
through Southern blotting and 16S rDNA universal oligonu-
cleotide probe hybridizations (Table 1; Fig. 3). In doing this,
we confirmed the occurrence of 12 OTUs and the identities of
the 16S rDNA inserts for each clone. In addition, we detected
a chimeric 16S rDNA clone most likely produced by PCR-
mediated amplification. Without either rDNA fingerprinting
or a complete secondary-structure analysis of the primary-
sequence data from the entire 16S rRNA gene, this PCR-
mediated potential risk could produce erroneous results and
thereby suggest the presence of organisms that in fact do not
exist (24). In our study, the chimeric 16S rDNA clone was
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detected after secondary restriction by hybridization with a
universal oligonucleotide probe. This probing revealed the
presence of dual sites for a universally conserved position that
normally occurs only once in a 16S rDNA gene. This result,
found during an initial inspection of the bacterial clone library
by rDNA fingerprinting, caused us to eliminate this suspect
clone from the final OTU analysis.

The bacterial mat community collected at Pele’s Vents was
dominated by two OTUs, which accounted for 72.9% of the
total 16S rDNA bacterial clone library (48 clones), and there
were an additional 10 OTUs present at low levels. Our
estimate of bacterial community structure, consisting of 12
OTUs detected among the 48 bacterial 16S rDNA clones and
their respective levels of abundance, approximates a log-
normal distribution (Fig. 4). This distribution of individual 16S
rDNA clones in OTUs (community structure) for Pele’s Vents
is especially interesting because this habitat may be considered
an “extreme” environment because of its low pH (=4.0),
strong thermal gradient, high dissolved CO, content (~300
mM), and elevated trace metal concentrations (e.g., an Fe
concentration of =1 mM). This finding is accentuated by the
ephemeral nature of hydrothermal vent water emissions in
general, which directly affect the temperature of the habitat.

In examining the cumulative OTU distribution of 48 bacte-
rial 16S rDNA clones (Fig. 5), we interpreted the significant
decrease in the rate of OTU detection as evidence that most of
the diversity in the clone library was detected by the RFLP
analysis. We detected 11 of the 12 OTUs among the first 27
bacterial 16S rDNA clones examined. The remaining 21 bac-
terial 16S rDNA clones yielded only 1 additional OTU. As
there certainly must be rarely occurring bacteria in the mat
community, an examination of additional 16S rDNA clones
may have detected more OTUs. It is clear, however, that the
level of analysis was sufficient to detect the community’s
predominant OTUs and infer their distribution within the
microbial mat community at Pele’s Vents.

A crucial factor to address in an analysis of microbial
community structure and diversity when 16S rRNA biomarkers
are used is whether the focus of study should be on the
potential genetic diversity represented at the DNA level or on
physiologically active genetic diversity represented at the RNA
level. No habitat can optimally support the growth of all of the
bacteria that it contains (25, 26), and in marine environments
it is likely that starvation-survival processes are a common
metabolic strategy for a majority of the bacteria (27-29). When
in a starvation survival-state, marine bacteria lose viability as
well as cellular DNA and RNA disproportionally, depending
on the prestarvation growth rate (29-32). The rRNA content
decreases predictably during starvation-survival, with loss rates
that depend on the physiological state at the onset of starvation
(11, 21). A positive correlation between cellular ribosomal
(rRNA) content over a wide range of growth rates for bacteria
is a long-standing axiom in microbial physiology (8, 17, 35, 39).
Recently, this relationship was demonstrated elegantly by
using fluorescent 16S rRNA-targeted hybridization probes for
single cells of E. coli B/r (7) and for single cells of sulfate
reducers found in biofilms (34). Direct analysis of 16S rRNA
can potentially bias diversity estimations in favor of rapidly
growing populations of cells and can underestimate the genetic
diversity present in a given habitat. Therefore, the 16S rRNA
of a natural microbial community better estimates the physio-
logically active microorganisms that are present than the
absolute genetic diversity and community structure. Conse-
quently, estimating diversity at the DNA level, rather than at
the RNA level, theoretically provides a more accurate mea-
surement of taxonomic group variability by potentially detect-
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ing slowly growing or dormant microorganisms present within
the community.

Estimating community structure and diversity at the DNA
level is an invaluable tool for microbial ecology, but this
strategy also has potential problems and limitations. The
oligonucleotide primers used to amplify the 16S rRNA genes
from the bacterial mat community are complementary to
regions conserved over the entire bacterial domain. Therefore,
we assumed that the clone library contained an array of 16S
rDNAs approximately as diverse as that of the bacterial mat
community at Pele’s Vents. Furthermore, the distribution of
16S rDNA clones within a library ultimately should approxi-
mate the relative distribution of cells in the habitat. However,
the possibility of selection during the DNA extraction process
exists, and care must be taken to achieve the highest possible
level of efficiency in cell extraction and DNA recovery to avoid
selection prior to PCR amplification of the cloned 16S rDNA.
It is also possible that “cell-free” detrital DNA, which may
have been adsorbed onto the mineral-rich microbial mat
material found at Pele’s Vents was extracted. The potential for
bias at the level of the PCR and ligation reactions also exists,
which is why care was taken to use multiple PCR and ligation
reactions to construct the bacterial clone library. Finally, as
shown previously, when conducting community structure and
diversity analyses with these techniques, workers must be
especially alert to and test for the possibility of PCR-mediated
chimeric gene amplification.

In summary, in this study we demonstrated a novel approach
for estimating microbial diversity and community structure
from environmental samples by using recently developed mo-
lecular biological techniques. We used tetrameric restriction
endonuclease pairs to detect OTUs by an RFLP analysis of a
PCR-amplified 16S rDNA bacterial clone library. Using this
technique coupled with rDNA fingerprinting, we estimated the
number of OTUs and the abundance of each OTU. We
applied this approach to the bacterial mats at Pele’s Vents, a
deep-sea hydrothermal vent system, and showed that the
bacterial community is dominated by 2 OTUs and contains at
least 12 OTUs, entities analogous to bacterial species. Phylo-
genetic analyses of the 16S rRNA genes from each of the
bacterial OTUs, as well as archacal community structure and
diversity analyses of the microbial mats at Pele’s Vents, are
currently under way.
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