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For many years, sequencing of the 16S ribosomal RNA (rRNA) gene has served as
an important tool for determining phylogenetic relationships between bacteria. The
features of this molecular target that make it a useful phylogenetic tool also make
it useful for bacterial detection and identification in the clinical laboratory. Sequence
analysis of the 16S rRNA gene is a powerful mechanism for identifying new
pathogens in patients with suspected bacterial disease, and more recently this
technology is being applied in the clinical laboratory for routine identification of
bacterial isolates. Several studies have shown that sequence identification is useful
for slow-growing, unusual, and fastidious bacteria as well as for bacteria that are
poorly differentiated by conventional methods. The technical resources necessary
for sequence identification are significant. This method requires reagents and
instrumentation for amplification and sequencing, a database of known sequences,
and software for sequence editing and database comparison. Commercial reagents
are available, and laboratory-developed assays for amplification and sequencing
have been reported. Likewise, there are an increasing number of commercial and
public databases. Despite the availability of resources, sequence-based identification
is still relatively expensive. The cost is significantly reduced only by the introduc-
tion of more automated methods. As the cost decreases, this technology is likely to
be more widely applied in the clinical setting.
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Most clinical bacterial isolates are quickly and
accurately identified by conventional techniques
used in the microbiology laboratory. For most
isolates, a final identification is available less than
24 hours after isolation of a discrete colony. Be-
cause conventional identification techniques are
relatively inexpensive, there is no need to use more
expensive molecular techniques for identification of
such isolates. However, there are several situations

in the clinical laboratory in which molecular iden-
tification would significantly improve both the time
to and accuracy of identification. For example,
Mycobacterium spp. are slow-growing bacteria that
can take up to 6 to 8 weeks to grow in culture and
another 4 to 6 weeks or more to identify by
biochemical profiling. In addition, mycobacterial
identification requires significant technical exper-
tise, which can take years to develop. Many clinical
laboratories, facing an ever-decreasing work force,
are struggling to maintain this expertise. Molecular
identification offers an attractive alternative method
of identifying mycobacteria because it is rapid, and
a single technique can be used to identify a variety
of different species. In addition to slow-growing
bacteria, molecular techniques are useful for the
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identification of fastidious bacteria, unusual iso-
lates, and bacteria that are poorly differentiated
using conventional techniques.

Once the need for molecular identification is
established, the method of identification needs to be
determined. Gen-Probe (San Diego, CA) offers a
number of culture identification tests (the Accu-
Probe Assays) that are based on hybridization of a
probe to RNA extracted from a culture isolate [1–6].
Each kit contains one probe for a specific organism.
These kits perform very well and are useful for
specific applications, but their use is limited be-
cause an unknown isolate can be tested with only
one probe at a time, and a limited number of probes
are available. High-density probe arrays will allow
for hybridization to many probes at the same time
[7–9]. This technology will be a valuable tool for
bacterial identification, especially in clinical situa-
tions in which the types of bacteria present in a
specimen are predictable. However, identification
by hybridization only allows a microbiologist to ask
whether an unknown isolate is one of these organ-
isms. There will always be unpredictable or novel
isolates. Sequencing is a more powerful molecular
identification method because it answers the ques-
tion “What is the unknown isolate?”

Bacterial identification by sequencing of the 16S
ribosomal RNA (rRNA) gene is a universal bacte-
rial identification method. Bacterial taxonomists
have used this technology for a number of years as
a measure of DNA similarity between isolates.
More recently, 16S rRNA gene amplification and
sequencing has been used to detect and identify
fastidious bacterial pathogens such as Tropheryma
whippelii, the agent of Whipple disease, and Bar-
tonella quintana, the agent of bacillary angiomato-
sis, in clinical specimens [10,11]. It was only a
matter of time before 16S rRNA gene sequencing
became an identification tool in the clinical labora-
tory. This article reviews the technical aspects of
sequence identification and how this technique is
being applied in the clinical laboratory.

The 16S rRNA Gene

Several features of the 16S rRNA gene make it an
important phylogenetic tool and hence a useful
target for clinical identification. One important
feature is that this gene is present in all bacteria;
thus it is a universal target for bacterial identifica-

tion. Second, the function of 16S rRNA has remained
constant over a long period, so sequence changes are
more likely to reflect random changes than selected
changes that would alter the molecule’s function [12].
Random sequence changes are a more accurate mea-
sure of time. Finally, the 16S rRNA gene is large
enough (approximately 1,500 bp) to contain statisti-
cally relevant sequence information, but more impor-
tantly the molecule consists of approximately 50
functional domains (Fig. 1). The number of domains
is important because the introduction of selected
changes in one domain does not greatly affect se-
quences in other domains. As the number of domains
increases, the less impact selected changes have on
phylogenetic relationships. These characteristics are
among the reasons Woese referred to rRNA as the
“ultimate molecular chronometer” [12].

Unfortunately, 16S rRNA gene sequence is not a
perfect measure of overall sequence divergence be-
tween bacteria. Sequence diversity between strains is
more accurately measured by a DNA–DNA reasso-
ciation assay. Taxonomists define a species as strains
that have 70% or greater DNA similarity by reasso-
ciation [13]. Species with this level of relatedness
typically have 97% or greater sequence identity of
the 16S rRNA gene [14]. Strains with less than 97.5%
16S rRNA gene sequence identity are unlikely to be
related at the species level. However, there are a num-
ber of strains that share less than 50% DNA similar-
ity by reassociation and therefore are classified as
distinct species but share 99% to 100% 16S rRNA
gene sequence identity. For example, Mycobacterium
chelonae and Mycobacterium abscessus have more
than 99% 16S rRNA gene sequence identity, but their
DNA similarity by reassociation is only 35% [15,16].
For the taxonomist, this means species-level classifi-
cation based on 16S rRNA gene sequence alone is
not valid, and bacterial classification must be based
instead on a polyphasic approach. For the clinical
microbiologist, this means that 16S rRNA gene se-
quence will not always provide a definitive species-
level identification.

With today’s technology, sequencing of the entire
16S rRNA gene is not a practical approach for
routine bacterial identification in the clinical labo-
ratory. Automated sequencing can generate approxi-
mately 500 bp of sequence data, so several sequenc-
ing reactions are required to generate 1,500 bp of
sequence data. The cost of reagents and labor
necessary to sequence the entire gene is beyond the
means of most clinical laboratories. Fortunately, the
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entire gene does not have to be sequenced to
achieve a species-level identification for most bac-
teria. Although phylogenetically informative posi-
tions occur throughout the entire gene, the region of
greatest heterogeneity occurs in approximately the
first 500 bases of the 5' end [17–19]. Therefore,
sequencing of only these first 500 bases is usually
sufficient for identification of a clinical isolate,
whereas a full gene sequence is more accurate for
characterization of a novel isolate.

Technical Aspects
of Sequencing

Sequencing procedures can vary depending on
which manufacturer’s reagents and equipment are
used, but the basic steps remain the same (Fig. 2).

The first steps are growth and isolation of a poten-
tially significant bacterium from a patient’s speci-
men, followed by extraction of DNA from the
isolate. There are many options for extraction,
including Chelex extraction, alkaline lysis, phenol-
chloroform extraction, and mechanical disruption
[20,21]. Not all methods are equally effective for all
types of bacteria. After extraction, the target is
amplified by PCR. At this point it may be desirable
to check the product on an agarose gel to ensure that
a single fragment of the appropriate size was
amplified. Cycle sequencing reactions are per-
formed next, and the products of these reactions are
analyzed by electrophoresis. If both strands of the
amplicon are sequenced, the sequences must be
assembled and edited for discrepancies. The final
step is to compare the unknown sequence to a
database. Depending on the type of sequencing, it

Fig. 1. Secondary structure
of 16S rRNA (used with the
permission of Applied Bio-
systems, Forest City, CA).
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may be necessary to purify the PCR amplicon
before sequencing and to purify the sequencing
products before electrophoresis.

Bacterial identification by 16S rRNA gene se-
quence analysis has been greatly facilitated by the
availability of a commercial system. The MicroSeq
system (Applied Biosystems, Forest City, CA)
consists of reagents, software, and a database of
sequences. There are two versions of reagent kits, a
full gene version in which the entire gene is
sequenced by one amplification reaction and 12

sequencing reactions (6 forward and 6 reverse), and
the 500-bp kit for sequencing of the gene’s 5' end
with one amplification reaction and two sequencing
reactions (1 forward and 1 reverse). These kits are
designed for universal bacterial identification (i.e.,
the primers hybridize to sequences conserved
among all bacteria). The MicroSeq software
contains tools for sequence assembly, editing,
database comparison, file management, and other
tasks. One of the most valuable features of the
MicroSeq system is the database. It contains more
than 1,100 different sequences. Nearly all of the
sequences are from “type strains” (i.e., the reference
specimen for the name), assuring that these
sequences are assigned to the correct species. There
are full-gene and 500-bp versions of the database.
An important feature of both databases is that all of
the sequences have defined ends (i.e., the flanking
primers used for amplification). This allows for
uniform calculation of sequence divergence between
an unknown sequence and the database entries.

Although MicroSeq is the only commercial sys-
tem for 16S rRNA gene sequencing, a laboratory
may choose to develop its own assay. The amplifi-
cation and sequencing reactions can be performed
using any amplification enzymes and sequencing
reagents. In addition, there are multiple options for
software that can analyze sequence data. Probably
the biggest decision for laboratories that develop
their own assay is which database to use or whether
a new database should be created. There are several
databases to consider (Table 1). GenBank, a collec-
tion of all publicly available DNA sequences, is the
most extensive database. The Ribosomal Database
Project (RDP) is a database of only ribosomal
sequences. This database was created for the pur-
pose of better understanding phylogenetic relation-
ships between organisms. The database found on
the Ribosomal Differentiation of Medical Micro-
organisms (RIDOM) server is also limited to ribo-
somal sequences, but the entries are of only medi-
cally important bacteria [22]. This database is still

Table 1. Databases of 16S rRNA Gene Sequences

Database Web Address

Public GenBank www.ncbi.nlm.nih.gov
Ribosomal Database Project www.cme.meu.edu/RDP/html/index.html
Ribosomal Differentiation of Medical Micro-organisms www.ridom.de

Commercial MicroSeq www.appliedbiosystems.com
SmartGene IDNS www.smartgene.ch

Fig. 2. Steps of sequence identification.
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being developed, but the list of Mycobacterium
sequences is extensive. Finally, SmartGene IDNS
offers a variety of services for sequence-based
identification of bacteria, including a “cleaned up”
version of ribosomal sequences from GenBank.

In considering any database, the primary con-
cerns are whether the sequence data are accurate
and whether the genus and species assignment of a
database entry is valid. With a public database like
GenBank, anyone can deposit a sequence and attach
a name to that sequence. Using such a sequence for
clinical identification is potentially dangerous be-
cause it could lead to an inaccurate identification,
and often significant clinical decisions such as
antimicrobial therapy are based upon the isolate’s
identity. This does not necessarily eliminate Gen-
Bank as a resource. It simply means that a sequence
should be backed up by a reliable reference before
it is used for clinical purposes. Many laboratories
find that the best solution is a combination of a
commercial or public database and a database that
is developed within the laboratory. For example,
our laboratory has collected a number of sequences
from clinical isolates as a result of our validation
experiments and application of sequencing for rou-
tine mycobacterial identification. As a result, we use
both the MicroSeq database and our own database
for routine identification.

Sequencing of the 16S rRNA gene from a single
isolate usually generates clear and unambiguous se-
quence data. Rarely, the sequence data can appear to
be “messy” (i.e., multiple overlapping peaks on the
electropherogram). Messy sequence data may be the
result of a mixed culture; however, it can also occur
when a single isolate contains multiple copies of the
ribosomal gene and these copies have unique se-
quences. The number of 16S rRNA gene copies in
an isolate varies greatly between genera. For ex-
ample, Escherichia coli isolates characteristically
have seven copies of the gene, whereas the slow-
growing Mycobacterium spp. typically have one to
two copies of the gene. It is unclear how frequently
sequence heterogeneity between copies of a single
isolate occurs. Several reports in the literature de-
scribe isolates with 16S rRNA heterogeneity [23–
27], but only two of these reports are of clinical iso-
lates, Mycobacterium terrae complex [28] and
Mycobacterium celatum [29]. A possible explana-
tion for the lack of reports in other bacteria is that
sequencing of an amplified product minimizes the
potential for detecting sequences that represent a mi-

nority of the population. When heterogeneity is de-
tected, it can be resolved by first cloning the genes
before sequencing. This step is useful for academic
purposes, but cloning is labor-intensive, so for clini-
cal purposes it may be best to consider an alternative
identification method. Reports of heterogeneity
within a single isolate may increase as sequence-
based identification is more widely applied.

Applications of 16S rRNA Gene
Sequence-based Identification

Sequence-based identification is used in the clini-
cal laboratory primarily to identify isolates that are
either slow-growing bacteria or bacteria that are
difficult to identify using conventional techniques.
The first application of 16S rRNA gene sequencing
in the clinical laboratory was for identification of
mycobacterial isolates. Less often, this technology
is used for identification of bacteria directly from
specimens of normally sterile body sites.

Rogall et al. [18] were the first to show that
sequence analysis of regions within the 5' portion of
the 16S rRNA gene is sufficient for species-level
identification of most clinically relevant Mycobac-
terium isolates. Krischner et al. [30] subsequently
described an assay that used genus-specific primers
to amplify and sequence DNA from Mycobacterium
isolates in clinical cultures, demonstrating that se-
quencing could be readily adapted to the clinical
laboratory. Our laboratory validated sequence-
based mycobacterial identification for clinical iso-
lates using the MicroSeq 500 16S rDNA Bacterial
Sequencing Kit, software, and database [21].

Compared with phenotypic identification,
sequence-based identification offers several advan-
tages. Besides some of the more practical advantages
discussed earlier, sequencing is more accurate than
phenotypic identification, and it allows for more
rapid recognition of novel isolates [21,30,31]. For
example, our laboratory found several isolates of
mycobacteria that were misidentified by phenotypic
methods but were correctly identified by sequenc-
ing. We could trace these errors back to phenotypic
variability within a species and phenotypic assay
variability. We also sequenced two isolates that were
originally sent to two different reference laborato-
ries for identification. One isolate was identified as
Mycobacterium alcapulcensis, and the other was re-
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ported as Mycobacterium szulgai. However, both
isolates had the same 5' 500-bp sequence, and this
sequence is unique from any other sequences in Gen-
Bank [21]. These two isolates are likely related to
each other at the species-level and probably repre-
sent a novel species, yet identification by nonse-
quence methods provides no information that these
isolates are closely related to each other. Increased
use of sequence-based identification has led to a sig-
nificant increase in newly described, medically im-
portant Mycobacterium spp. (Table 2).

Sequencing was also evaluated as an identifica-
tion method for groups of bacteria that either are
poorly differentiated using conventional methods or
require more than 48 hours to identify. Tang et al.
[17] compared three rapid identification methods
with conventional phenotypic identification for un-
usual aerobic Gram-negative bacteria. The three
rapid methods were based on 16S rRNA gene se-
quencing (MicroSeq), cellular fatty acid profiles, and
carbon source use. MicroSeq identification matched
both the genus and species reference identity more
often than did the identifications produced by either
of the other methods. Additionally, their data
showed that a 5' 500-bp MicroSeq identity was com-
parable to a full gene identity. The full gene and
500-bp 16S rRNA gene identities always agreed at
the genus level, and 93.1% of the 500-bp species
assignments were the same as the species assign-
ments by the full gene method. In another study by
Tang et al. [32], the MicroSeq 5' 500-bp identifica-
tion proved a useful tool for the identification of
Corynebacterium and Corynebacterium-related
isolates. Sequence identification provided the same

genus identity as conventional and supplemented
phenotypic methods for all isolates tested. The
species-level identity was the same for 66.7% of all
isolates. Sequence identification was most reliable
(100% concordance) for the two most clinically sig-
nificant species, Corynebacterium diptheriae and
Corynebacterium jeikeium. 16S rRNA gene se-
quencing is a particularly important method for iden-
tification of fastidious bacteria both from culture and
from clinical specimens. Our laboratory was able to
identify a blood culture isolate that failed to grow on
conventional media as Leptotrichia sp. only after an
aliquot of the positive blood culture bottle was sub-
mitted for sequence analysis [33]. Sequencing also
indicated that this isolate is probably a novel species
of Leptotrichia. The literature contains several simi-
lar reports. For example, the uncommon isolate
Anaerobiospirillum succiniciproducens was identi-
fied as a cause of bacteremia in three patients by
sequence identification [34]. In another report, an
isolate from joint fluid of a patient with septic arthri-
tis was identified as a novel species of Helicobacter
[35]. Sequence identification will undoubtedly be
applied to the identification of other groups of bac-
terial isolates. Our laboratory is currently evaluating
sequencing as a means of identifying isolates of
aerobic and anaerobic actinomycetes.

More often, clinical laboratories are using se-
quence identification to detect and identify patho-
gens directly from clinical specimens that should
otherwise be sterile. Neisseria meningitidis was
identified in brain pus from a patient with culture-
negative meningitis [36]. The isolate presumably
failed to grow because of prior antibiotic use. A
novel Helicobacter species was identified directly
from drainage of an abdominal abscess in a patient
with X-linked hypogammaglobulinemia [37]. Our
laboratory used 16S rRNA gene sequencing to
detect and identify Mycoplasma orale in the tissue
of a patient with hypogammaglobulinaemia who
was suffering from a persistently culture-negative
inflammatory arthritis (M. Paessler, M. Shuster, J.B.
Patel, I. Nachamkin, unpublished data). Although
sequence-based identification directly from a clini-
cal specimen is a potentially powerful technique,
this technology lacks some of the advantages that
culture provides. For example, sequence-based
identification does not easily allow for the detection
of multiple pathogens, and there is no way to
measure the relative abundance of different organ-
isms. Likewise, without culture there is no isolate

Table 2. Medically Important Mycobacterium spp.
Recently Recognized by 16S rRNA

Gene Sequencing

New Species Reference
M. genavense 39
M. branderi 40
M. interjectum 41
M. conspicuum 42
M. lentiflavum 43
M. novocastrense 44
M. triplex 45
M. bohemicum 13
M. heidelbergense 46
M. tusciae 47
M. wolinskyi 48
M. heckeshornense 49
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for further characterization such as susceptibility
testing. For these reasons, sequence-based identifi-
cation directly from a clinical specimen is primarily
used only when culture has failed or is not possible.

Is Sequence-based Identification
Cost-effective?

Sequencing is a relatively expensive method of
identification. One laboratory estimated their cost at
approximately $84.25 per test, and another labora-
tory calculated a cost of $40.00 to $85.00 per test
[32,38]. We have estimated our cost to perform a
single identification, which includes a negative
amplification control, to be $144.00 (J.B. Patel,
unpublished data). This number includes the cost of
extraction, disposables, reagents, database use, and
labor. Most of the cost is labor, so the total cost
drops to $87.00 per identification if two isolates are
sequenced at the same time. These figures do not
include the cost of purchasing instrumentation.

One justification for the expense of sequence-
based identification is that the improved accuracy
and speed of this method will have a positive impact
on clinical care. However, there are no studies evalu-
ating the impact of sequence-based identification on
the quality of patient care or the cost of treating a
patient. Despite this lack of data, it may not be nec-
essary to look beyond a laboratory’s own budget to
justify the expense of sequencing. For example, a
laboratory may not have the capability of perform-
ing mycobacterial identification in-house, but the
cost of sending the specimen to a reference labora-
tory far exceeds the cost of a sequence-based iden-
tification. Such a laboratory may consider sequenc-
ing, especially in a situation in which instruments
for amplification and sequence analysis are already
available or can be shared.

The introduction of more automated methods
undoubtedly will have the biggest impact on de-
creasing the cost of sequence identification and will
result in increased use of this technology in hospital
and reference laboratories.

Conclusions

Sequencing of the 16S rRNA gene is a powerful
identification method in the clinical laboratory. This

technique is applicable for routine identification of
several groups of bacteria as well as for identifica-
tion of novel isolates. As the technical resources for
sequence identification become more abundant and
less expensive, more clinical microbiologists will
consider using this method in their laboratories’
work flow.
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