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A simple method for the quantification of uncultured microorganisms in the environment was developed. In
vitro-transcribed 16S rRNA is used as a template for midpoint dissociation temperature (Td) determinations
of specific oligonucleotide probes and as a standard in quantitative probing. It replaces the need for total
nucleic acids extracted from pure cultures of the organisms to be quantified. A sense RNA of a size almost
identical to that of native 16S rRNA can be transcribed from ribosomal DNA clones recovered in studies of the
phylogenetic diversity of microbial communities. This in vitro-transcribed rRNA yields dissociation curves
typical of oligonucleotides. They parallel curves determined with total nucleic acids but yield slightly higher Td
values. Neither unspecific sticking of the probe nor probe washing off the DNA template at low temperatures
fully accounted for the discrepancy in probe release from the two templates. This suggests that the native rRNA
itself has melting characteristics different from those of its in vitro-transcribed counterpart. However, this
difference does not affect the performance of in vitro-transcribed rRNA compared with total nucleic acids as
a standard in quantitative hybridizations. No difference was found between the estimates of the relative
quantity of a single bacterial species in a mixed community obtained with the two standards, regardless of
whether DNA was removed from the samples. This protocol will allow the large-scale quantification of the
ecological importance of uncultured microorganisms in natural environments for the first time.

Some 25 years ago, quantitative analysis of community struc-
ture and dynamics raised our theoretical and practical under-
standing of animal and plant ecology to a new level (21).
However, in microbial ecology, the study of communities
lagged behind because rigorously quantitative methodologies
were not available. This was a reflection of traditional tech-
niques of identification and enrichment since they are highly
selective and generally recognize only a minor fraction of the
overall diversity of microorganisms in samples from natural
habitats. Today, at least in theory, these limitations are being
overcome by the adaptation of molecular techniques to ques-
tions of microbial community structure and dynamics (for a
recent review, see reference 2). A set of methods, known as the
rRNA phylogenetic framework (22, 23), has been compiled
that lets us estimate both constituents of ecological diversity in
an environment (21): richness (i.e., the number of different
populations) and evenness (i.e., the degree of dominance of
individual populations).
In this rRNA phylogenetic framework, the richness, or num-

ber of different populations, can be estimated by exploring the
genetic diversity of the microorganisms in a given sample. This
is done by extracting nucleic acids, amplifying the 16S rRNA
gene by PCR with universally conserved primers, cloning and
sequencing the gene fragments, and comparing the gene se-
quences. The resulting catalogues of sequences have generally
shown that the majority of the microorganisms in the explored
habitats had previously been unknown and that only a minor
fraction of the microbial diversity had actually been captured
on culture plates (see, for example, references 8, 9, 17, and 34).
However, this approach in itself cannot yield reliable quanti-
tative information on the relative importance of individual

species due to the potential for preferential amplification of
certain sequences during PCR of mixtures of templates (30)
and due to bias associated with variations in 16S rRNA gene
copy numbers across species (7). Therefore, quantification re-
lies on analysis of the cells or the mixture of nucleic acids
obtained from the original sample. Because the 16S rRNA is a
mosaic of variable and conserved regions (35), oligonucleotide
probes can be constructed that will specifically recognize indi-
vidual sequences or sets of phylogenetically related sequences
(32). These probes can serve as a means of reliable identifica-
tion of single cells and quantification of populations or groups
when used in situ (1, 6, 10) or in quantitative slot blot (33)
hybridizations, respectively.
Quantitative hybridization can provide an especially ecolog-

ically meaningful estimate of the evenness or dominance of
individual populations because it provides a composite signal
of their activity and abundance. The general protocol was first
developed by Stahl et al. (33). Total, mixed nucleic acids ex-
tracted from different environmental sources are immobilized
on membranes side by side with dilutions of pure nucleic acid
standards from organisms whose contribution to the overall
community is to be quantified. Subsequently, the membranes
are hybridized with 32P-labeled oligonucleotide probes with
different levels of specificity and the amount of bound probe is
quantified and normalized by using the standard curves ob-
tained with pure nucleic acids. A typical result is expressed as
the percentage of a specific probe to a universal probe, such as
one recognizing all members of the domain Bacteria or the
domain Archaea.
One major limitation of current protocols of quantitative

hybridization is that the organism to be quantified has to be
available in pure culture (33). Nucleic acids of pure cultures
are needed as standards in the actual quantification and for the
determination of midpoint dissociation temperatures (Tds) for
the probes, since at this temperature good hybridization spec-
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ificity can be achieved while maintaining a strong signal (29).
However, uncultured species, which can make up the majority
of the diversity encountered, have been found to be dominant
in some environments in which quantification without available
pure cultures was possible (25, 31). With this in mind, we have
developed and tested a method that significantly expands the
application of quantitative hybridization by generating nucleic
acid standards for the quantification of uncultured microor-
ganisms. rRNA transcribed from cloned templates is shown to
afford a quantitative estimate of a species added at different
concentrations to an artificially assembled community. This
replaces the need for nucleic acid standards obtained from
pure cultures of the organisms to be quantified.

MATERIALS AND METHODS

Bacterial strains. Vibrio fischeri ES1114 and Vibrio anguillarum 775 were
generous gifts of Edward Ruby (University of Southern California, Los Angeles).
Cells were grown at room temperature in SWTmedium, containing (per liter) 5 g
of Bacto Tryptone (Difco Laboratories), 3 g of yeast extract (Difco), 3 ml of
glycerol, 700 ml of filtered seawater, and 300 ml of distilled water (19).
Nucleic acid extraction. Total nucleic acids from both Vibrio strains were

extracted and purified by the method of Jarrell et al. (11) with slight modifica-
tions (24) and without RNase A treatment. Nucleic acids of Bacillus subtilis
RL202 were extracted by the method of Cutting and Vander Horn (5) and were
a generous gift of Len Duncan (Harvard University, Cambridge, Mass.). Nucleic
acids of Bifidobacterium breve ATCC 15698 and Bifidobacterium bifidum ATCC
11863 were a generous gift of Dennis Roy (Food Research and Development
Centre, Saint-Hyacinthe, Quebec, Canada). They were extracted by the method
of Klaenhammer (14) and precipitated with cetyltrimethylammonium bromide-
NaCl (4).
PCR amplification and cloning. The gene coding for the 16S rRNA (16S

rDNA) of V. anguillarum was amplified for the generation of (i) a gene fragment
for cloning and (ii) a template for in vitro transcription. For the first purpose, V.
anguillarum DNA was amplified with the primer pair 8f and 1492r (16). Both are
among the standard primers used for near-universal amplification of bacterial
16S rRNA genes, and their use results in a product that encompasses all but 56
of the 1,542 bases of the 16S rDNA (Escherichia coli standard). For the second
purpose, the 16S rDNA fragment was ligated into the pCR II vector (Invitrogen,
San Diego, Calif.) and transformed into and maintained in E. coli INV aF9
according to the manufacturer’s instructions. Plasmids containing inserts were
purified by using a QIAprep Spin Plasmid Kit (Qiagen Inc., Chatsworth, Calif.).
The inserts were amplified by PCR with a combination of one of the two M13
primers [M13(240) forward or M13 reverse] flanking the insert on the plasmid
and one of the 16S rRNA primers (8f or 1492r). PCR was in all cases performed
in an Ericomp Twin Block System thermal cycler (Ericomp, San Diego, Calif.) in
100-ml aliquots. Each tube contained 13 PCR buffer (50 mM KCl, 10 mM
Tris-HCl, 1% Triton X-100; pH 9.0), 200 mM each deoxynucleoside triphos-
phate, 2.0 mM MgCl2, 100 pM each primer, 2.5 U of Taq polymerase (Promega,
Madison, Wis.), and 10 ng of template. An initial denaturation step of 3 min at
948C was followed by 35 cycles which consisted of 1 min at 948C, 1 min at 508C,
and 2 min at 728C.
In vitro transcription. rRNA was transcribed from PCR-generated templates

by using T7 polymerase and an RNA transcription kit (Stratagene, La Jolla,
Calif.). Prior to transcription, the templates were purified by excision of the
correctly sized band from 0.8% agarose gels, electroelution of the DNA in a
Centrilutor (Amicon, Beverly, Mass.), proteinase K treatment (1 mg/ml), and
phenol-chloroform extraction, followed by ethanol precipitation (4). After com-
pletion of transcription, the DNA template was removed by treatment with
RNase-free DNase (Gibco BRL, Gaithersburg, Md.) and the rRNA was purified
on a 6% acrylamide gel, electroeluted, and ethanol precipitated. The RNA
concentration was determined by spectrophotometry.
Oligonucleotide probe choice, labeling, and determination of Td. Two oligo-

nucleotide probes, Van219 (CCUAGGCAUAUCCUGACGCG; positions 219
to 238 in E. coli numbering) and Eub338 (32). Van219 allows differentiation of
V. anguillarum from the other bacterial strains used in this study (26), whereas
Eub338 is nearly universal for all members of the domain Bacteria.
Oligonucleotides were labeled with polynucleotide kinase (Gibco BRL) by

using 2 pmol of [g-32P]ATP (6,000 Ci/mmol; Du Pont NEN, Boston, Mass.) for
each picomole of probe. The approximate specific activities of the labeled probes
were in all cases between 7 3 106 and 1 3 107 cpm/pmol. Probes were purified
on NenSorb 20 cartridges (Du Pont NEN) according to the manufacturer’s
instructions.
For determination of the Td values of the oligonucleotides, the general strat-

egy of Raskin et al. (29) was employed with modifications that diminish the
variability between replicates. Each nucleic acid type was blotted in duplicate
with a Minifold I dot blotter (Schleicher & Schuell, Keene, N.H.) on Zetaprobe
nylon membranes (Bio-Rad, Hercules, Calif.) by formamide-formaldehyde de-
naturation (4). Per replicate dot, approximately 300, 150, or 100 ng of total

nucleic acids, 16S rDNA (PCR generated), or purified rRNA was used, respec-
tively. Hybridizations were done with the respective probes at 308C overnight in
buffer containing 50 mM Na2HPO4 (pH 7.2), 655 mM NaCl, 7% sodium dodecyl
sulfate and 2.5 mg/ml poly(A) (Sigma, St. Louis, Mo.). Subsequently, the mem-
branes were washed twice for 15 min at the same temperature in wash buffer
containing 50 mMNa2HPO4 (pH 7.2) and 1% sodium dodecyl sulfate. Individual
dots were then cut out and washed in 2 ml of wash buffer contained in 7-ml
scintillation vials which had been prewarmed in water baths ranging from 25 to
808C at 2 to 58C intervals. After 10 min, the membranes were removed and
radioactivity in the wash solution and on the membrane was determined by liquid
scintillation counting. The Td values were calculated by dividing the counts
remaining on the membranes by the total counts for each temperature point.
Values were then plotted as the percentage of probe washed off versus temper-
ature, and the temperature corresponding to 50% was taken as the Td. To test for
statistically significant effects of the template used, a two-way analysis of variance
(ANOVA) was performed on arcsine-transformed ratios of the dissociation
curves with the SYSTAT computer package.
Quantitative hybridizations. Nucleic acid blotting and hybridizations were

done as described above with approximately a 10-fold molar excess of probe over
target and 2 ml of hybridization buffer per dot. The two 15-min low-temperature
washes were followed by one 10-min wash at the respective Tds of the probes
used. Probe remaining bound to its target was analyzed by exposure of the
membrane to a Fuji BAS-III imaging plate and quantified with a Fujix BAS2000
phosphorimager and BAS2000 Image File 2.1 analysis software. Nucleic acids to
be quantified by phosphorimaging were spotted in five replicates and were (i)
untreated, DNase-treated, and RNase-treated total nucleic acids of V. anguilla-
rum; and (ii) a mixture of total nucleic acids of V. fischeri, Bacillus subtilis,
Bifidobacterium breve, and Bifidobacterium bifidum simulating nucleic acids ex-
tracted from a natural community. To this artificial community, total nucleic
acids of V. anguillarum were added in two different concentrations: 50 and 5% of
the community. Because these values were determined by spectrophotometry
and are influenced by the RNA/DNA ratios and genome sizes of the different
organisms, they are reported as large and small additions. DNA was removed by
DNase treatment from one subsample of each community with different V.
anguillarum concentrations. These mixtures were hybridized with the universal
probe Eub338 and the specific probe Van219 and then quantified by using the
standard curves generated by dilution series of the following pure nucleic acids
from V. anguillarum: (i) total nucleic acids extracted from pure cultures and (ii)
in vitro-transcribed and purified rRNA. The least-squares method was used to
determine the slopes and intercepts of the standard curves. The amount calcu-
lated for the Eub338 probe was treated as the total 16S rRNA present, and
signals obtained for the Van219-specific probe are given as percentages of this
total. To test for statistically significant differences among the treatments, paired
t tests and a three-way ANOVA were performed on the arcsine-transformed
ratios with the SYSTAT computer package.

RESULTS AND DISCUSSION

Rationale and outline of protocol. While in search of alter-
natives to the use of total nucleic acids as standards in quan-
titative probing of not-yet-cultivated microorganisms, we de-
duced that 16S rRNA alone can serve as a replacement. Most
of the hybridization signal is likely to be contributed by rRNAs
even if total nucleic acids are blotted and measured. First, in
actively growing cells, most of the nucleic acids are rRNAs
(20), and even in starving cells, the ratio between rRNA and
actual ribosomal genes remains high (see, for example, refer-
ences 13, 15, and 28). Second, RNA-DNA hybrids have a
considerably higher melting temperature than DNA-DNA hy-
brids (12). Therefore, at the specific Td of the oligonucleotide
probes, RNA should be measured at a much higher proportion
than DNA even if the two are present in comparable amounts.
Finally, if DNA contributed significantly to the observed signal,
it could be easily removed from any sample by DNase treat-
ment.
The starting point for the generation of rRNA standards for

quantitative probing consists of 16S rDNA clones obtained
from studies determining the richness, or number of microbial
populations, in a given habitat (Fig. 1). From these clones,
RNA can be conveniently transcribed in vitro if a vector con-
taining RNA polymerase promoters is chosen. We routinely
use the pCR II vector, which facilitates cloning of Taq poly-
merase-amplified DNA because it contains a single thymidine
overhang on both ends. However, such an overhang can be
easily added to any blunt-ended vector (18), and a number of
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other PCR cloning vectors which contain RNA polymerase
promoters have recently been made commercially available.
An rRNA of a length almost identical to that of the native

molecule can be produced if PCR-generated templates are
used in the in vitro transcription. The first step is the determi-
nation of insert orientation by PCR with one internal rDNA
and one external plasmid primer (Fig. 1). Such a PCR product
will also contain an RNA polymerase promoter since the insert
is flanked on each side by one of two promoters (T7 or Sp6),
each of which is followed by one M13 primer location (Fig. 1).
For a sense strand of rRNA to be produced in the transcription
process, an approximately 16-kb PCR product must be ob-
tained with one of the following primer combinations: (i)
M13(240) forward and 1492r or (ii) M13 reverse and 1492r. In
the in vitro transcription, the roughly 60 bases of the gene not
amplified by the universal 16S rRNA primers (8f and 1492r)
are replaced by a segment of the plasmid between the tran-
scriptional start site and the beginning of the insert (Fig. 1).
Clones were chosen that result in proper transcription with the
M13(240) forward and 1492r primer combination, since in this
case the segment will amount to 67 bases as opposed to 80

bases for the other combination (Fig. 1). This rRNA was tested
as a template for probe Td determination and as a standard in
quantitative hybridizations.
Size and specificity of transcribed product. With the M13

(240) forward and 1492r primer combination, a product with
almost exactly the same length as the native 16S rRNA was
obtained by transcription from a PCR product (Fig. 2) as
outlined above. In vitro-transcribed and gel-purified sense and
antisense RNAs from V. anguillarum clones were used to test
the hybridization properties of the specific probe Van219 and
the universal probe Eub338 in dot blot assays (Fig. 3). These
tests showed that these probes have a high degree of specificity
for the sense strand and indicate that the PCR-generated DNA
template is efficiently removed by DNase treatment after tran-
scription. Both the size and the purity of the rRNA should
make exact quantification by spectrophotometry possible. This
allows the measurement of absolute amounts of rRNA present
in environmental samples by comparison with the standard
curves obtained with in vitro-transcribed rRNA.
Comparison of Td determinations performed with total nu-

cleic acids or rRNA as the template.Use of in vitro-transcribed
rRNA and total nucleic acids as templates in Td determina-
tions of the oligonucleotide probes Eub338 and Van219 gave
comparable results (Fig. 4). Although at lower temperatures
the probes are more readily washed off the total nucleic acids
than they are washed off the rRNA alone, resulting in an
overall significant difference (P , 0.001), the two curves con-

FIG. 1. Flowchart of the protocol used for the generation of rRNA from
clones recovered in studies of the phylogenetic diversity of microorganisms in the
environment. A diagram of the plasmid configuration with the insert (shaded
areas) drawn in the two possible orientations that will give a sense rRNA in in
vitro transcription from the T7 and Sp6 promoters, respectively, is included
(plasmids and inserts are not drawn to scale). T7 and Sp6, RNA polymerase
promoters; M13 reverse and M13(240) forward, universal M13 primer sites on
the plasmid; 1492r and 8f, 16S rDNA primers used for the universal amplification
of bacterial genes.

FIG. 2. Denaturing agarose gel electrophoresis of total nucleic acids of V.
anguillarum (lane 1) and gel purified (lane 2) and unpurified (lane 3) in vitro-
transcribed RNA.

FIG. 3. Dot blot assay of in vitro-transcribed sense (row 1) and antisense
(row 2) strand rRNA hybridized with probe Eub338 (column 1) and probe
Van219 (column 2).
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verge with increasing wash temperatures. At the 50% mark,
approximate differences in Td of only 2 and 38C are observed
for the Eub338 and the Van219 probes, respectively. Three
possible phenomena could explain this discrepancy in the Td
curves: (i) the oligonucleotide probe sticks nonspecifically to
the DNA and other RNAs in the total nucleic acids and is
gradually removed as the temperature increases; (ii) the probe
binds specifically to its target, but a larger proportion is washed
off the DNA template at lower temperatures because DNA-
DNA hybrids have a lower degree of thermal stability than
RNA-DNA hybrids; or (iii) an intrinsic difference between
native rRNA and in vitro-transcribed rRNA influences probe
binding. The first two possibilities were evaluated in a series of
experiments using the Eub338 probe and are discussed in the
context of general experimental design. Furthermore, tests
were performed to determine whether the observed differences
in Td would affect quantitative probing results.
Nonspecific sticking of probe was found to be only a rela-

tively minor factor in causing the differences in the shapes of
the Td curves determined on total nucleic acids or rRNA alone.
To determine whether probe stuck to DNA nonspecifically in
the total nucleic acid standard, five replicates of each DNase-
treated, RNase-treated, and untreated nucleic acid were hy-
bridized with the Eub338 probe and the amount of probe
bound after the two low-temperature washes and, subse-
quently, after the high-temperature Td wash was quantified.
When the pairwise ratios of the mean signals of the three
treatments were calculated, no significant difference was found
between the pre- and post-Td wash samples. For example, the
difference between the ratios of the DNase-treated and un-
treated nucleic acids for the low- and high-temperature washes
was only 0.2%, indicating that surplus probe is efficiently
washed away in the two low-temperature washes following the
hybridization. Likewise, a Northern hybridization with total
RNA gave no evidence of nonspecific sticking to RNAs other
than 16S rRNA, since no difference in the pre- and post-Td
wash patterns was observed (data not shown).
Determination of the Td of the Eub338 probe on PCR-

generated rDNA leads to a considerably flatter curve than that
obtained when total nucleic acids or rRNA alone is used as the
template (Fig. 5). In addition, the Td lies more than 108C
lower, and almost all of the probe is washed off at temperatures

below 608C. This suggests that very little probe remains bound
to the DNA template at the Tds of the Eub338 probe deter-
mined on total nucleic acid and rRNA templates (Fig. 5). It
was not determined whether the denaturation conditions used
for the nucleic acids before blotting were a factor in the ex-
tremely low Td of the probe-DNA hybrid. In quantitative hy-
bridizations, blotting of the nucleic acids has to be optimized
for RNA since conditions used for DNA may degrade RNA.
Thus, given these conditions and the observed low Td, DNA
may generally account for only a small proportion of the total
signal obtained even when the RNA/DNA ratio is low.
While both nonspecific sticking and release of probe due to

lower DNA-DNA duplex stability appear to be factors in the
observed differences in the dissociation curves, they are un-
likely to fully account for them. The rDNA hybridization tem-
plate is generally several hundredfold to several thousandfold
less abundant than the rRNA target in actively growing cells
(13) and will consequently contribute little to the overall

FIG. 4. Determination of the oligonucleotide Td values of the universal probe Eub338 (A) and the specific probe Van219 (B), using total nucleic acids extracted
from pure cultures of V. anguillarum (E, replicate 1; h, replicate 2) and in vitro-transcribed and purified rRNA of the same species (F, replicate 1; ■, replicate 2) as
template.

FIG. 5. Determination of the oligonucleotide Td of probe Eub338, using
PCR-generated rDNA of V. anguillarum as template (3, replicate 1;1, replicate
2). The Td curves determined on total nucleic acids and rRNA alone (from Fig.
4A) are drawn for comparison.
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amount of bound probe. Thus, there appears to be an intrinsic
difference in hybridization behavior between the native and in
vitro-transcribed rRNAs. However, this difference is very small
at the Td and gradually disappears with increasing tempera-
ture. Whether modified bases in the native rRNA or other
interactions cause greater dissociation at lower temperatures
remains undetermined at this point.
Comparison of quantitative probing with total nucleic acids

or rRNA as a standard. Essentially identical results were ob-
tained when the relative importance of a single bacterial spe-
cies in an overall community was determined with total nucleic
acids or in vitro-transcribed rRNA as a standard. Table 1
summarizes the results of experiments in which total nucleic
acids of V. anguillarum were added to mimic a major quan-
tity and a minor quantity in the artificial community con-
sisting of V. fischeri, Bacillus subtilis, Bifidobacterium breve,
and Bifidobacterium bifidum. Quantification of the hybrid-
ization signals of the Eub338 and Van219 probes and cal-
culation of their ratios revealed no significant difference
(P , 0.001 for all cases) between the two standards regard-
less of whether total nucleic acids or DNase-treated nucleic
acids from the community were blotted (Table 1). However,
the ratios estimated by using the rRNA standard curves were
in all cases slightly higher. Whether this represents a real
difference cannot be determined since all between-treatment
estimates were within 3% of each other and, thus, well within
signal variability among replicate dots on the hybridization
membrane (Table 1) (see also reference 3). This close agree-
ment of the estimates indicates that the slight difference in Td
values does not detectably influence estimates and that reliable
quantification of single bacterial species in an overall commu-
nity can be achieved by using in vitro-transcribed rRNA.
The similarity of the hybridization results for untreated and

DNase-treated nucleic acids in the quantification of V. anguil-
larum in the total community (Table 1) gives further support to
the probe dissociation studies (Fig. 5). These results suggest
that most of the Eub338 probe is washed off the DNA at the Td
determined on either total nucleic acids or rRNA alone (Fig.
5). Probe dissociation followed similar kinetics in a study of the
Van219 probe done on RNase-treated nucleic acids (data not
shown). Thus, in quantitative hybridizations of total commu-
nity nucleic acids, DNA should contribute relatively little to

the overall signal even in samples from some environments
that have comparatively low rRNA/rDNA ratios.
Summary. We have determined that in vitro-transcribed

rRNA may substitute for total nucleic acids as (i) a standard in
quantitative probing of microbial community nucleic acids and
(ii) a template for midpoint dissociation studies of oligonucle-
otide probes. The method is easy to use because it applies
rDNA obtained from clones generated during assessment of
the number of different types of microorganisms in a habitat.
This application broadens the scope of quantitative analysis of
microbial communities because it enables us to determine the
relative importance of uncultured microorganisms in nature, a
process which was previously not possible. For example, we
have applied the method outlined here to the analysis of epibi-
otic microorganisms in the marine environment (27). This has
enabled us for the first time to explore both aspects (richness
and evenness) of the diversity of a microbial community from
which no representative has yet been cultivated.
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