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ABSTRACT

The Ribosomal RNA Operon Copy Number Database
(rrndb) is an Internet-accessible database containing
annotated information on rRNA operon copy number
among prokaryotes. Gene redundancy is uncommon
in prokaryotic genomes, yet the rRNA genes can vary
from one to as many as 15 copies. Despite the wide-
spread use of 16S rRNA gene sequences for identifi-
cation of prokaryotes, information on the number
and sequence of individual rRNA genes in a genome
is not readily accessible. In an attempt to understand the
evolutionary implications of rRNA operon redundancy,
we have created a phylogenetically arranged report
on rRNA gene copy number for a diverse collection
of prokaryotic microorganisms. Each entry
(organism) in the rrndb contains detailed information
linked directly to external websites including the
Ribosomal Database Project, GenBank, PubMed and
several culture collections. Data contained in the
rrndb will be valuable to researchers investigating
microbial ecology and evolution using 16S rRNA
gene sequences. The rrndb web site is directly
accessible on the WWW at http://rrndb.cme.msu.edu.

INTRODUCTION

Microbes are the most abundant and most diverse forms of life
on earth (1). Despite their ubiquity, it is clear that only a small
percentage of microbes (0.1–0.5%) has been cultivated in the
laboratory (2). Identification and classification of microbes is
further confounded by a general absence of morphologically
distinct features—thousands of bacterial species can be
categorized by a few different (∼17) morphologies. For the past
10–15 years, microbiologists have relied upon DNA sequence
information for microbial identification, based primarily on the
genes encoding the small subunit RNA molecule of the ribosome
(16S rRNA or SSU rRNA). Functional constraints on the trans-
lational apparatus limit variability in the 16S rRNA molecule,
resulting in a high degree of sequence conservation. The
conservation of the rRNA gene sequence permits bacterial char-
acterization based on sequence information obtained from pure
cultures or cloned genes from mixed communities. A priori
knowledge of rRNA sequence data can be used to design

phylogenetically conserved probes that target both individual
and closely related groups of microorganisms without cultivation.
A principle repository of 16S rRNA sequences, the Ribosomal
Database Project, currently maintains over 17 000 aligned
entries (12 425 sequences ≥900 bp) representing 850 of 940
formally recognized prokaryotic genera, which are placed into
1149 phylogenetic groups (3).

The ribosomal RNA genes (encoding 16S, 23S and 5S rRNAs)
are typically linked together with tRNA molecules into
operons that are coordinately transcribed to produce equimolar
quantities of each gene product. During rapid exponential
growth (µ = 2.5 h–1), the effective number of rRNA operons in
Escherichia coli can be as high as 36 copies (4). Sequence
heterogeneity exists among multiple rRNA genes encoded on a
single genome, yet little evidence exists suggesting functional
independence (5,6). While reports of intra-genomic variability
of 16S rRNA range as high as 6.5% (7), an analysis of
complete genome sequences stored in the rrndb indicates a
maximum of 1.23% (E.coli) among the 14 species examined
(Table 1). Both rRNA operon redundancy and intra-genomic
sequence heterogeneity have important practical implications
for researchers attempting to identify and quantify bacteria
using rRNA sequence data (8,9).

Molecular methods for microbial diversity assessment rely
primarily on PCR-amplification of 16S rRNA genes from
complex samples followed by (i) cloning and sequencing of
unique amplicons, (ii) separation of amplicons based on
chemical composition via denaturing- or temperature-gradient
gel electrophoresis (10,11), or (iii) separation of amplicons
after restriction digestion based on size via terminal restriction
fragment length polymorphism analysis (12). The number of
unique sequences or bands detected by these methods is often
considered a proxy for organismal diversity. Rather, due to
intra-genomic 16S rRNA heterogeneity, these methods are
more accurately a measure of 16S rRNA sequence diversity.
Similarly, intra-genomic sequence heterogeneity limits the
phylogenetic resolution of the 16S rRNA gene (13,14). The
majority of 16S rRNA entries in public databases, such as
GenBank and the Ribosomal Database Project, are ‘composite’
sequences obtained from sequencing PCR amplicons gener-
ated through simultaneous amplification of all 16S rRNA gene
copies on a genome (15).

In an attempt to understand the evolutionary implications of
rRNA operon gene redundancy, our laboratory has maintained
an internal database of rRNA operon copy number values for
both Bacteria and Archaea. Mapping of this information onto a
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phylogenetic tree indicates that phylogenetic relatedness is not
the sole determinant of rRNA operon copy number (16).
Rather, bacteria with the same number of rRNA operons
appear to have arisen convergently in several phylogenetic
lineages. While our primary interest resides in elucidating the
underlying physiological and evolutionary consequences of
rRNA operon multiplicity, rRNA operon copy number information
has become increasingly valuable to researchers performing
emerging technologies such as quantitative real-time PCR
(17). Working closely with the Ribosomal Database Project at
Michigan State University, we have created an Internet-based
interactive database of rRNA operon copy number values for a
diverse collection prokaryotic microorganisms: The Ribosomal
RNA Operon Copy Number Database (rrndb).

DATABASE DESCRIPTION

The rrndb provides information pertaining to the number of rRNA
operons contained on the genomes of prokaryotic microorganisms
in a phylogenetic context. The rrndb is co-located with the RDP
server at the Center for Microbial Ecology at Michigan State
University and is accessible via the WWW at http://
rrndb.cme.msu.edu. The initial release of our database
(December, 2000) contains over 250 annotated entries,
including information from all full-genome sequencing
projects completed at the time of release. An internal database
management system (described below) permits entry of data
from any WWW browser, facilitating public release of
information shortly after entry and verification. The rrndb WWW
site also contains answers to frequently asked questions, an
opportunity to provide feedback and a form for direct submission
of new data.

WEB INTERFACE

Information contained within the rrndb is accessible via three
main interfaces: (i) ‘Operon Sort’, a complete list of organisms
in the database presented in alphabetical order; (ii) ‘Phylo
Sort’, rRNA operon copy number mapped onto the RDP
organismal hierarchy; and (iii) a ‘Search’ page. The ‘Operon
Sort’ list can be sorted in ascending and descending order by
organism name, rRNA operon copy number or genome size
(Fig. 1A). rRNA operon copy number is mapped onto the RDP
organismal hierarchy presented on the ‘Phylo Sort’ page. The
hierarchy is expandable and collapsible and mean rRNA
operon copy number is displayed for each phylogenetic group
(Fig. 1B). User queries can be entered on the ‘Search’ page,
which also offers advanced searches limited to rRNA operon
copy number and genome size. Each entry in the rrndb is
linked to an individual page containing detailed information
about the selected organism, including: genus, species, sub-
species, strain, culture deposit, 16S, 23S and 5S rRNA gene
copy number, phylogenetic position, genome size, genome
sequence availability, 16S rRNA sequence records and literature
reference(s). Sequence deposits are linked directly to GenBank
and the RDP, culture deposits to the American Type Culture
Collection (ATCC) and Deutsche Sammlung von Mikro-
organismen und Zellkulturen (DSMZ) and references to the
National Library of Medicine’s PubMed database. 16S rRNA
genes from individual rRNA operons are denoted when avail-
able and include gene start and stop locations within GenBank
entries from full-genome sequence deposits.

DATA CURATION

All entries in the rrndb possess at least a genus name, strain
designation or culture deposit number and a literature or electronic
reference describing rRNA operon copy number determination.

Table 1. Intra-genomic 16S rRNA variability for Bacteria and Archaea with full-genome sequence availability

aNumber of rRNA operons per genome.
bPairwise difference range between 16S rRNA genes per genome.
cPairwise difference range between 16S rRNA genes per genome calculated as a percentage.
–, no nucleotide differences.

Organism No. rRNAa operons Diff. (nt)b % differencec

Aquifex aeolicus VF5 2 – –

Bacillus subtilis ATCC 23857 10 1–15 0.97

Campylobacter jejuni ATCC 700819 3 – –

Deinococcus radiodurans ATCC 13939 3 0–2 0.13

Escherichia coli ATCC 10798 7 0–19 1.23

Haemophilus influenzae ATCC 51907 6 – –

Helicobacter pylori 26695 2 – –

Methanococcus jannaschii DSMZ 2661 2 3 0.20

Methanococcus themoautotrophicum ATCC 29096 2 2 0.14

Neisseria menigitidis MC 58 4 – –

Treponema pallidum ATCC 25870 2 – –

Ureaplasma urealyticum serovar 3 2 1 0.07

Vibrio cholerae ATCC 39315 8 0–14 0.91

Xyella fastidosa 9a5c 2 – –



Nucleic Acids Research, 2001, Vol. 29, No. 1 183

The entries for each organism are obtained from computerized
searches of reference databases (PubMed, ISI Current
Contents, etc.), literature articles, full genome sequencing
projects listed at The Institute for Genomic Research (http://
www.tigr.org) and the National Center for Biotechnology
Information’s web sites (http://www.ncbi.nlm.nih.gov) and
from direct web site submission. Effort is made to include all
pertinent references to the determination of rRNA operon copy
number for an organism. Literature references for a particular
organism may not be reported due to an article predating
electronic database records or to the absence of relevant search
terms in a database entry. If the complete genome sequence of
an organism is available, those data are considered to be the
most accurate determination of rRNA operon copy number and
is the only reported reference. In certain instances the 16S, 23S
and 5S rRNA genes are not present in equal numbers per
genome (18). Laboratory methods to determine rRNA operon
copy number typically rely upon Southern hybridization of a
16S rRNA-based probe to restriction-digested genomic DNA;
in these instances, the number of 16S rRNA genes serves as an
estimate for rRNA operon copy number.

DATABASE MANAGEMENT SYSTEM

The rrndb data are stored using the MySQL relational database
management system (RDBMS), which supports the structured
query language (SQL) standard (http://www.mysql.com). The
WWW interface to the rrndb is generated by Java Server Pages
and Java Servlets that retrieve information to be displayed by
employing custom designed JavaBean objects (http://
java.sun.com). These objects access the database using MM
MySQL JDBC drivers (http://www.worldserver.com/mm.mysql).
The rrndb website is hosted on a Sun Ultra 60 server running the
Solaris 2.6 operating system and Apache Software Foundation’s
Apache HTTP and Tomcat servers (http://jakarta.apache.org).

FUTURE CHANGES AND ADDITIONS

Planned additions to the rrndb include interface tools to select
and download individual organism entries from both the
‘Operon Sort’ list and the ‘Phylo Sort’ pages. Information on
intra-genomic rRNA sequence variability, such as presented in
Table 1, will be added for organisms with full genome
sequences. Further changes will be dictated by feedback
obtained from users of the rrndb website. It is anticipated that
the rrndb will be updated on a quarterly basis as new information
becomes available through electronic databases and full-genome
sequencing projects.
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