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Despite the increasing use of 16S rRNA gene sequencing, interpretation of 16S rRNA gene sequence
results is one of the most difficult problems faced by clinical microbiologists and technicians. To overcome
the problems we encountered in the existing databases during 16S rRNA gene sequence interpretation, we
built a comprehensive database, 16SpathDB (http://147.8.74.24/16SpathDB) based on the 16S rRNA gene
sequences of all medically important bacteria listed in the Manual of Clinical Microbiology and evaluated
its use for automated identification of these bacteria. Among 91 nonduplicated bacterial isolates collected
in our clinical microbiology laboratory, 71 (78%) were reported by 16SpathDB as a single bacterial species
having >98.0% nucleotide identity with the query sequence, 19 (20.9%) were reported as more than one
bacterial species having >98.0% nucleotide identity with the query sequence, and 1 (1.1%) was reported
as no match. For the 71 bacterial isolates reported as a single bacterial species, all results were identical
to their true identities as determined by a polyphasic approach. For the 19 bacterial isolates reported as
more than one bacterial species, all results contained their true identities as determined by a polyphasic
approach and all of them had their true identities as the “best match in 16SpathDB.” For the isolate
(Gordonibacter pamelaeae) reported as no match, the bacterium has never been reported to be associated
with human disease and was not included in the Manual of Clinical Microbiology. 16SpathDB is an
automated, user-friendly, efficient, accurate, and regularly updated database for 16S rRNA gene sequence

interpretation in clinical microbiology laboratorie

S.

In the last decade, as a result of the widespread use of
PCR and DNA sequencing, 16S rRNA gene sequencing has
played a pivotal role in accurate identification of medically
important bacteria in both clinical microbiology and re-
search laboratories (26). For the management of individual
patients, accurate and objective identification of clinical iso-
lates has assisted clinicians in the choice and duration of
antibiotic therapy, as well as infection control measures. On
the population scale, accurate identification has greatly im-
proved our understanding of the epidemiology and, hence,
the empirical treatment of infectious disease syndromes. In
the past 10 years, our group and others have used this
technology for the identification of a large number of med-
ically important bacteria, resulting in major impacts on in-
fectious diseases.

Interpretation of 16S rRNA gene sequence results is one
of the most difficult problems faced by inexperienced clinical
microbiologists and technical staff, despite the wide range of
software and databases available. The best-known software
and databases include GenBank (1), the Ribosomal Data-
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base Project (RDP-II) (2, 3, 13), MicroSeq (15, 17),
Ribosomal Differentiation of Medical Microorganisms
(RIDOM) (4-6), and the SmartGene Integrated Database
Network System (SmartGene IDNS) (16). The databases of
RDP-II and SmartGene IDNS contain sequences down-
loaded from GenBank, whereas all sequences in the data-
bases of RIDOM and MicroSeq were obtained by sequenc-
ing the 16S rRNA genes of bacterial strains from culture
collections. Due to the large number of unvalidated 16S
rRNA gene sequences in GenBank, it is often not easy for
inexperienced users to decide whether the “first hit” or the
“closest match” is the real identity of a bacterial isolate. As
for the other software and databases, the usefulness is fur-
ther limited by the choice of bacterial species in the data-
base. If a bacterial species is not included in the database, it
would never be the identity of an isolate. If the database
includes bacterial species with minimal differences in their
16S rRNA gene sequences, and hence, that cannot be iden-
tified with confidence by 16S rRNA gene sequencing, they
may also give rise to wrong identification if the software
reports only that the “first hit” or “closest match” is the
identity of the bacterium.

In view of these problems, in 2005 we started developing
our own database, which includes the most representative
16S rRNA gene sequences of all medically important bac-
teria listed in the most current edition of the Manual of
Clinical Microbiology (14), for identification of medically
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important bacteria using 16S rRNA gene sequencing. In this
database, 16SpathDB, we sought to create an automated
user-friendly platform that indicated the most likely identity
of the 16S rRNA gene sequence of a medically important
bacterium, as well as other medically important bacteria
with similar 16S rRNA gene sequences that may be alter-
native identities, which the user should be aware of. In this
article, we describe this comprehensive database of 16S
rRNA gene sequences of medically important bacteria and
its use for automated identification of these bacteria.

MATERIALS AND METHODS

Database design. 16SpathDB is a Web-based 16S rRNA gene sequence
database for identification of medically important bacteria. MySQL was em-
ployed as the database back end to store the 16S rRNA gene sequence
information, and PHP was used to generate HTML web pages for the user
interface. The most representative 16S rRNA gene sequence of each medi-
cally important bacterial species listed in the most current edition of the
Manual of Clinical Microbiology (14) was retrieved from GenBank by manual
inspection according to the following criteria. First, strains with good phe-
notypic and/or genotypic characterization (e.g., type strains and strains with
complete genomes sequenced) were preferred. Second, strains isolated from
humans were preferred. Third, sequences with fewer undetermined bases
were preferred. Fourth, longer sequences, especially those with better cov-
erage of the 5’ end, were preferred. For bacterial species with >2% intra-
genomic difference in their 16S rRNA gene sequences and those with inter-
vening sequences in their 16S rRNA genes, more than one 16S rRNA gene
sequence for each species was included.

Identification of clinical bacterial isolates using 16SpathDB. To evaluate the
usefulness of 16SpathDB, the 16S rRNA gene sequences of 91 nonduplicated
medically important bacterial isolates we collected in our clinical microbiol-
ogy laboratory in the past 10 years were input to the database for analysis
(Table 1) (7-12, 18, 20-25, 27-31, 33-35). The exact identities of these
isolates were determined by a polyphasic approach using a combination of
phenotypic tests and 16S rRNA gene sequencing as described in our publi-
cations.

Availability and update of 16SpathDB. 16SpathDB is available at no charge
at http://147.8.74.24/16SpathDB and will be updated periodically for every
new edition of the Manual of Clinical Microbiology.

RESULTS

16SpathDB and functionality of the database. As of Novem-
ber 2010, 16SpathDB contained 1,014 16S rRNA gene se-
quences from 1,010 unique bacterial species.

Identification of medically important bacteria. The main
goal for setting up 16SpathDB was to provide a convenient
and efficient platform for identification of medically impor-
tant bacterial isolates using their 16S rRNA gene sequences.
The interfaces of the database are simple and user friendly.
From the home page, one can enter the “query page” by
clicking the “identify bacteria by 16S rRNA gene sequence”
hyperlink (Fig. 1a). From this page, users can input one or
more query 16S rRNA gene sequences of 50 bp to 1,800 bp by
pasting the sequences in FASTA format in the textbox or
uploading a file that contains the sequences in FASTA format
by clicking the “browse” button. By clicking the “begin iden-
tification” button, the query sequence(s) will be aligned with
each of the 16S rRNA gene sequences in 16SpathDB using the
pairwise global alignment algorithm with free end gap penalty.
The percent nucleotide identity calculated from the alignment
between the query sequence and each of the sequences in
16SpathDB is then used for the evaluation of the identity of
the query sequence, using the algorithm depicted in Fig. 2.

16S rRNA GENE SEQUENCE DATABASE 1803

The results of the comparison will be shown on the results
page. If there is one species in 16SpathDB with >98.0%
nucleotide identity to the query sequence, this bacterial
species, as well as the percent nucleotide identity between
the query sequence and the sequence of the most likely
bacterial species, will be reported (category 1) (Fig. 1b and
2). If there is more than one species in 16SpathDB with
>98.0% nucleotide identity to the query sequence, the spe-
cies that showed the highest nucleotide identity to the query
sequence (“best match in 16SpathDB”), as well as those
with 16S rRNA gene sequences having <1% difference from
the “best match in 16SpathDB,” will be reported to alert the
user that further tests, such as biochemical tests or sequenc-
ing additional genes, may be necessary to distinguish be-
tween the most probable identities (category 2) (Fig. 1c and
2). If there are no species in 16SpathDB with >98.0% nu-
cleotide identity to the query sequence but there are one or
more species in 16SpathDB with >96.0% nucleotide iden-
tity to the query sequence, only the genus will be reported
(category 3) (Fig. 1d and 2). The user will also be reminded
that further tests are necessary for definite species identifi-
cation. If there is no species in 16SpathDB with >96.0%
nucleotide identity to the query sequence, the results page
will show “no species in 16SpathDB was found to be sharing
high nucleotide identity to your query sequence” (category
4) (Fig. le and 2). This indicates that the query sequence
may represent a bacterial species not included in the Manual
of Clinical Microbiology or a novel bacterial species. Users
are advised to perform a BLAST search against the Gen-
Bank nr database to differentiate between the two possibil-
ities. By clicking the “run BLAST” hyperlink, users can
enter the “query page” of the NCBI BLAST website. The
cutoffs of 98.0% for reporting the identity at the species
level and 96.0% for reporting the identity at the genus level
were found to be the optimal cutoffs by using 400 16S rRNA
gene sequences of bacteria isolated from patients found in
the GenBank database as the query sequences (data not
shown).

From the results page, users can click the bacterial species
name and go to the page in GenBank that contains detailed
information on the representative 16S rRNA gene sequence
selected for that bacterial species in 16SpathDB. From the
results page, users can also click “show top 10 matches” to
show the 10 most closely matched sequences from
16SpathDB compared to the query sequence (Fig. 1f).

Browsing 16S rRNA gene sequences of medically important
bacteria. In addition to identification of 16S rRNA gene
sequences, users can also inspect the detailed contents of
the database, as well as the information on the individual
sequences. From the home page, one can enter the “se-
quence information” page by clicking the “browse bacteria
16S rRNA gene information” hyperlink (Fig. 3). From this
page, the user can go to the page in GenBank that contains
the detailed information on the 16S rRNA gene sequence
selected for the corresponding bacterial species by entering
the name of the bacterial species in the text box and click
“view sequence information” and then the GenBank acces-
sion number. In addition, users can visualize the 10 bacterial
species with 16S rRNA gene sequences having the highest
nucleotide identities with the input bacterial species and
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Home \ Identify bacteria by 16S rRNA gene sequence ] Browse bacteria 16S rRNA gene information

ae ation of medica portant bacteria py 16 A gene seque Q

Enter FASTA

OR

format

Identification of medically important bacterial species by 16S rRNA gene sequence

Upload a file with 16S rRNA
gene sequence in FASTA

Browse_

Department of Microbiology The University of Hong Kong

de ation o edica portant bacteria p O A gene seque

Home \ Identify bacteria by 16S rRNA gene sequence |Browse bacteria 16S rRNA gene information

Query results for the sequence

#  Bacterial species (Other names) Nucleotide Identity (%)
1 Gemella morbillorum 99.68
(Diplococcus morbillorum, Pep! morbillorum,

Show top 10 matches

Took 1.701 seconds

Download Query results

Dep of Microbiology The Uni ity of Hong Kong

Home \ Identify bacteria by 16S rRNA gene sequence \ Browse bacteria 16S rRNA gene information

Query results for the sequence
"209911°

#  Bacterial species (Other names) Nucleotide Identity (%)
1 Mycobacterium chelonae 99.79
(Mycobacterium chelonei)
2 Mycobacterium abscessus 99.79
3 Mycobacterium immunogenum 98.97

(Mycobacterium immunogen)

Show top 10 matches

The query sequence was found to be sharing high nucleotide identity to more than one species in
16SpathDB. Further tests are needed for more definite identification.

Took 0.422 seconds

Download Query results

J. CLIN. MICROBIOL.

FIG. 1. (a) “Query page” of 16SpathDB. (b) Example of query results showing one species (Gemella morbillorum) in 16SpathDB with >98.0%
nucleotide identity to the query sequence. (¢) Example of query results showing more than one species (Mycobacterium chelonae, Mycobacterium
abscessus, and Mycobacterium immunogenum) in 16SpathDB with >98.0% nucleotide identity to the query sequence. (d) Example of query results
showing no species in 16SpathDB with >98.0% nucleotide identity to the query sequence but one or more species in 16SpathDB with >96.0%
nucleotide identity to the query sequence. (¢) Example of query results showing no species in 16SpathDB with >96.0% nucleotide identity to the
query sequence. (f) Example of query results showing the identity of the query sequence (Clostridium paraputrificum) and the 10 most closely
matched sequences from 16SpathDB compared to the query sequence.
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Query results for the sequence
31121

#  Bacterial species (Other names) Nucleotide Identity (%)
1 Clostridium sp. 96.38

Show top 10 matches

There is one or more species with 16S rRNA gene sequence having nucleotide identity >96% to the query
sequence. Further tests are needed for more definite identification.

Took 0.769 seconds

Download Query results
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Home \ Identify bacteria by 16S rRNA gene sequence \ Browse bacteria 16S rRNA gene information

Query results for the sequence
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No species in 16SpathDB was found to be sharing high nucleotide identity to your query sequence
Run BLAST

Show top 10 matches

Took 0.775 seconds

Download Query results
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Home \ Identify bacteria by 16S rRNA gene sequence \ Browse bacteria 16S rRNA gene information

Query results for the sequence
'99-27153'

# Bacterial species (Other names) Nucleotide Identity (%)
1 Clostridium paraputrificurm 99.15
(Bacillus diaphthirus, Bacillus paraputrificus)
how top 10 matches!
The top 10 closely matched bacterial species

# Bacterial species (Other names) Nucleotide Identity (%)

1 Clostridium paraputrificum 99.15
(Bacillus disphthirus, Bacillus paraputrificus)

2 Clostridium carnis 96.56
(Bacillus camis, Plectridium carnis)

3 Clostridium disporicum 96.37

4 Clostridium butyricum 95.95
(Amylobacter naviculs, Bscillus smylobscter, Bscillus butyricus, Bacillus naviculs,

ium navicula, Ci i Ci idit i

amylobacter)

5  Clostridium beijerinckii 95.95
(Clostridium rubrum)

6  Clostridium tertium 95.94
(Bacillus tertius, Henrillus tertius, Plectridium tertium)

7 Eubacterium moniliforme 95.69
(Bacillus ilit Bacillus repazii, Cil il

8  Clostridium baratii 95.52
(¢ is perennis, CI idium barati, Cl idi J Ci idit
perenne)

9  Clostridium septicum 95.18
(Bacillus septicus, Vibrio septicus)

10 Clostridium chauvoei 95.10
(Bacillus chauvaei, ium chauvoei, C! i)

FIG. 1—Continued.
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Calculate percentage nucleotide
identity between query sequence
and 16S rRNA gene sequence of
each medically important bacterium
in 16SpathDB

Query 16S rRNA gene
sequence (50-1800 bp) in
FASTA format

Submit to 16SpathDB for
species identification

Report results depending on
calculated percentage nucleotide
identities

Only one species
with 16S rRNA
gene sequence

having nucleotide

identity >98.0% to
query sequence

Report species name and
corresponding percentage
nucleotide identity
(category 1)

Yes Yes

LNO

Report species with <1% difference from
“best match” and corresponding
percentage nucleotide identities and
remind that further tests are needed for
definite species identification
(category 2)

Yes

Report genus name and corresponding
percentage nucleotide identities and
remind that further tests are needed for
definite species identification

One or more specie
with 16S rRNA gene
sequence having
nucleotide identity
>98.0% to query
sequence

No

One or more species
with 16S rRNA gene
sequence having
nucleotide identity
>96.0% to query
sequence

(category 3)

)Mo

Report no match in 16SpathDB
(category 4)

FIG. 2. Algorithm for reporting results in 16SpathDB.

inspect the detailed information on their 16S rRNA gene
sequences in GenBank accordingly (Fig. 3).

Identification of clinical bacterial isolates using
16SpathDB. Among the 91 nonduplicated medically impor-
tant bacterial isolates we collected in our clinical microbi-
ology laboratory in the past 10 years (Table 1), 71 (78%)
were reported by 16SpathDB as a single bacterial species
having >98.0% nucleotide identity with the query sequence
(category 1), 19 (20.9%) were reported by 16SpathDB as
more than one bacterial species having >98.0% nucleotide
identity with the query sequence (category 2), none was
reported by 16SpathDB to the genus level (category 3), and
1 (1.1%) was reported by 16SpathDB as “no species in
16SpathDB was found to be sharing high nucleotide identity
to your query sequence” (category 4). For the 71 bacterial
isolates reported by 16SpathDB as a single bacterial species,
all results were identical to the true identities of the isolates
as determined by the polyphasic approach. For the 19 bac-
terial isolates reported by 16SpathDB as more than one
bacterial species, all results contained the true identities of
the isolates as determined by the polyphasic approach. In
fact, all 19 of these isolates had their true identities as the
“best match in 16SpathDB.”

DISCUSSION

Rapid and accurate interpretation of 16S rRNA gene
sequence results is the cornerstone for identification of
medically important bacteria by 16S rRNA gene sequencing.
During the process of using 16S rRNA gene sequencing for
identification of a large number of medically important bac-
teria in the past 5 years, we have developed an automated,
user-friendly, and comprehensive database, 16SpathDB, of
the most representative 16S rRNA gene sequences of all
medically important bacteria listed in the most current edi-
tion of the Manual of Clinical Microbiology (14). In contrast
to RDP-II and SmartGene IDNS software (Table 2),
16SpathDB includes only 16S rRNA gene sequences of
medically important bacteria. Since more than 99.9% of the
bacterial strains recovered from patients were included in
the Manual of Clinical Microbiology (unpublished data), the
inclusion of other bacterial species that have never been
isolated from patients would create ambiguity during data
interpretation, as the target users of 16SpathDB are tech-
nicians and clinical microbiologists who work on 16S rRNA
gene sequencing for clinical isolates. As for the MicroSeq
databases (Table 2), one of their main drawbacks for iden-
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Department of Microbiology The Uni

Home | Identify bacteria by 16S rRNA gene sequence | Browse bacteria 16S rRNA gene information

ity of Hong Kong

=
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Bacteria 16S rRNA gene sequence information

Enter species or genus name
e.g. Actinobaculum schaalii or

Streptococcus acidominimus

Strey

Actinobaculum etc
[ Viewseq [ clear |
# |Bacterial species (Other Genbank |Closest species Closest species
names) accession (Full length) (First 500bp from 5' end)
1 Streptococcus acidominimus X58301 Svedes Nucleotide Shaass Nucleotide
P identity(%) P identity(%)
Streptococcus suis 96.06 Streptococcus intermedius  93.49
Streptococcus cristatus 95.67 Streptococeus criceti 93.46

Streptococcus sanguinis 95.6
Streptococcus constellstus  95.6
Streptococcus intermedius ~ 95.39

Streptococcus gordonii 95.37
Streptococcus porcinus 95.22
Streptococcus alactolyticus  95.07
Streptococcus salivarius 9463

Streptococcus sanguinis  93.41
Streptococcus constellstus  93.19
Streptococcus gordonii 93.18

inis 95.38 Streptococcus alactolyticus  92.96
Streptococcus canis 92.94

Streptococcus cristatus 9271
Streptococcus porcinus 9227
Streptococcus peroris 92.18

FIG. 3. Example showing the 10 bacterial species with 16S rRNA gene sequences having the highest nucleotide identities to the input bacterial

species (Streptococcus acidominimus).

tification of medically important bacteria is that the data-
bases do not include a significant number of medically im-
portant bacteria that 16S rRNA gene sequencing is able to
identify. For example, 98 to 108 (53.3 to 67.1%), 38 to 39
(22.7 to 37.3%), and 23 to 39 (19.8 to 41.9%) medically
important anaerobic, aerobic Gram-positive, and aerobic
Gram-negative bacteria that should be confidently identified
by 16S rRNA gene sequencing are not included in the full-
and 500-MicroSeq databases, respectively (19, 32). If the
query sequence is from one of these bacteria, the MicroSeq
databases would automatically give wrong results. Further-
more, the results from the MicroSeq databases show only a
single “identity” of the query sequence. Other bacterial spe-
cies with similar 16S rRNA gene sequences, which may also
be the identity of the isolate, are ignored. For example, it is
well known that 16S rRNA gene sequencing is not useful for
distinguishing some bacterial species, such as Streptococcus
pneumoniae, Streptococcus pseudopneumoniae, Streptococ-
cus mitis, and Streptococcus oralis, as their 16S rRNA gene
sequences show more than 99% identity. In 16SpathDB, in
addition to the species that shows the highest nucleotide
identity to the query sequence, those species with 16S rRNA
gene sequences having less than 1% difference from the
species that showed the highest nucleotide identity to the
query sequence will also be reported (Fig. 1c). This helps to
alert the user that further tests have to be carried out in
order to distinguish between these probable identities.
16SpathDB offers efficient and accurate analysis of 16S
rRNA gene sequences from medically important bacteria. In
the present study, all 91 bacteria recovered in our clinical
microbiology laboratory in the past 10 years were success-
fully identified using 16SpathDB (Table 1). These 91 iso-
lates included 55 aerobic and 36 anaerobic bacteria, and 62
Gram-positive bacteria, 28 Gram-negative bacteria, and one
Mycoplasma hominis isolate. Among these 91 bacteria,

20.9% showed multiple possible identities, which reflected
an inherent limitation of using 16S rRNA gene sequencing
for bacterial identification. For this 20.9% of the strains,
phenotypic tests or sequencing of additional gene loci
should be performed to differentiate among the reported
bacterial species. For example, when Tsukamurella pulmonis
or Tsukamurella tyrosinosolvens (strain no. 88 and 89) (Table
1) were the exact identities of the query isolates, 16S TRNA
gene sequencing was not able to distinguish them from the
other medically important Tsukamurella spp. The API 20C
AUX, and API 50 CH systems (bioM¢érieux, Lyon, France)
have to be used to distinguish among these Tsukamurella
spp- (20).

One limitation of 16SpathDB is that our database in-
cludes only the bacterial species that are known to be asso-
ciated with infections, as described in the Manual of Clinical
Microbiology. This was deliberately done because if those
bacterial species that have never been reported to cause
infections were also included, as in the RDP-II and Smart-
Gene IDNS software, the proportion of results that showed
multiple possible identities would be markedly increased.
This would defeat the original purpose of designing the
database, which is used for identification of medically im-
portant bacteria in clinical microbiology laboratories. For
example, the 16S rRNA gene sequence of strain no. 50
(Table 1) was reported as “no species in 16SpathDB was
found to be sharing high nucleotide identity to your query
sequence.” This is because Gordonibacter pamelaeae has
never been reported to be associated with human disease
and was not included in the Manual of Clinical Microbiology.
In such a situation, users should perform a BLAST search
against the GenBank nr database for the identification of
the 16S rRNA gene sequence (30). Although the database
will be updated regularly whenever there is a new edition of
the Manual of Clinical Microbiology, users should bear in
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TABLE 2. Comparison of 16SpathDB and other commonly used software for bacterial identification using 16S rRNA gene sequencing
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“ Contains two databases, MicroSeq ID 16S rDNA 500 Library v2.2, which contains sequences from the 5’-end 527 bp of 16S rRNA genes, and MicroSeq ID 16S rDNA Full Gene Library v2.0, which contains full 16S

rRNA gene sequences.
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mind that those bacterial species that have never been re-
ported to be associated with infections may still have the
potential to be so associated.
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