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INTRODUCTION

Nearly 2,000 publications involving ribotyping have followed
the initial description of the basic method in 1986 (25). The
more than 200 microbial genera so analyzed range from fungi
(19, 52, 53, 84, 92) to gram-positive cocci (13, 18, 66, 82) and
bacilli (36, 38, 55, 57, 63, 71) and more than 50 gram-negative
bacterial genera, with particular focus on human commensal
and/or disease-causing species.

Rationales for the application of ribotype-based differenti-
ation of independent isolates within a species have included
taxonomic classification (25, 46), epidemiological tracking (32,
48, 78, 81), geographical distribution (14, 32, 81), and popula-
tion biology and phylogeny (1, 32, 62, 81). Such wide interest
has led to the development of variant schemes from that ini-
tially described. While the molecular genetic basis of conven-

tional ribotyping is the focus of this review, variant approaches
will also be addressed.

The name “ribotyping” has inadvertently proven to be a
misnomer, leading to a misconception that observed polymor-
phisms arise directly from rRNA gene sequences. We reveal,
based on in silico genomic analyses, that resolved DNA poly-
morphisms rather reflect restriction fragment length polymor-
phisms (RFLPs) of the neutrally evolving housekeeping genes
typically found to flank chromosomal rRNA gene sequences.
We also demonstrate that with this fundamental insight into
the molecular genetic basis of ribotype polymorphisms, it is
now feasible a priori, in the age of genomics, to rationally
design a ribotyping scheme in silico, consequently allowing for
interpretation of RFLPs based on evolution of polymorphic
sites found within housekeeping genes flanking the ribosomal
operons.

UNDERSTANDING THE MOLECULAR GENETIC BASIS
OF RIBOTYPING

Typically, each ribosomal operon consists of the three genes
encoding the structural rRNA molecules, 16S, 23S, and 5S,
cotranscribed as a polycistronic operon. Among bacterial spe-
cies, the average lengths of the structural rRNA genes are
1,522 bp, 2,971 bp, and 120 bp, for 16S, 23S, and 5S, respec-
tively (R. R. Gutell, presented at The Origin and Evolution of
Prokaryotic and Eukaryotic Cells, Shimoda, Japan, 1992). The
copy numbers, overall ribosomal operon sizes, nucleotide se-
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quences, and secondary structures of the three rRNA genes
are highly conserved within a bacterial species (49) due to their
fundamental role in polypeptide synthesis (89). Because the
16S rRNA gene is the most conserved of the three rRNA
genes, 16S rRNA gene sequencing has been established as the
“gold standard” for identification and taxonomic classification
of bacterial species (41, 61, 90). Knowledge of intraspecies
conservation of the 16S rRNA gene sequence (21) and basic
16S-23S-5S ribosomal operon structure (17) led Grimont and
Grimont (25) to the first insights into its usefulness in devel-
oping ribotyping for bacterial classification.

Based on these fundamental insights, we sought to further
elucidate the molecular genetic basis of conventional ribotyp-
ing. As depicted in Fig. 1, conventional ribotyping is based on
restriction endonuclease cleavage of total genomic DNA fol-
lowed by electrophoretic separation, Southern blot transfer
(75), and hybridization of transferred DNA fragments with a
radiolabeled ribosomal operon probe. Following autoradiog-
raphy, only those bands containing a portion of the ribosomal
operon are visualized. The number of fragments generated by
ribotyping is a reflection of the multiplicity of rRNA operons
present in a bacterial species. Copy numbers of rRNA operons
have been found to range from 1 (e.g., for Chlamydia trachomatis)
to 15 (e.g., for Photobacterium profundum) (40; http://www.ncbi
.nlm.nih.gov:80/genomes/static/eub_g.html) (Fig. 2).

We reasoned that use of a single restriction endonuclease
with a conserved cleavage site in the 16S and 23S rRNA genes
would enable detection of DNA sequence polymorphisms in
immediately adjacent upstream and downstream genes flank-
ing each ribosomal operon following hybridization of the elec-
trophoresed chromosomal digest with a labeled rRNA gene
operon probe. It then follows that the total number of RFLP
bands so detected would be equal to twice the number of

FIG. 1. Ribotyping methodology. (a) The genomic sequence(s) of
species of interest is used to identify, in silico, an appropriate restric-
tion enzyme for ribotyping, ideally one cutting once within the 16S

rRNA gene and once within the 23S rRNA gene. The ribosomal
operon sequence may also be used for design of primers to amplify a
species-specific ribosomal probe for later steps of the protocol. (b) A
single colony of the strain of interest is grown in liquid medium,
genomically extracted, and digested with the selected restriction en-
zyme. (c) Restricted genomic DNA, including a genomically se-
quenced reference isolate as a size standard (●), is electrophoresed
through a 0.8% agarose gel and then transferred by Southern blot (75)
vacuum transfer to a nylon membrane. (d) Primers designed during
initial in silico analyses are used to amplify the entire 16S-23S-5S
ribosomal operon. The amplified product is run through a preparative
low-melting-point agarose gel for size confirmation and cut directly
from the agarose gel. The agarose-embedded product is boiled to
solubilize the DNA fragments. Twenty to 50 nanograms of ribosomal
template is then used to generate a radiolabeled ([�-32P]dCTP) probe
with DNA polymerase I large (Klenow) fragment and random primers.
(e) The transferred membrane containing genomic DNA digests is
hybridized with the radiolabeled ribosomal operon probe and exposed
to autoradiographic film. Ribotype RFLP bands are analyzed manually
or with the aid of appropriate fingerprint analysis software. (f) Finger-
print analysis software is applied for band identification, normaliza-
tion, and matching of band positions across strains both within the
same autorad and between multiple autorads. The final output in-
cludes a similarity matrix defining, in this case by color shading, the
percentage of bands shared among each strain in the collection and a
dendrogram or some other pictorial representation of the relatedness
of isolates within a collection.
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ribosomal operons, with an additional fragment(s) reflecting
the 16S-23S internal spacer (Fig. 3).

Well before the first genomic sequence became available in
1995, the linear Escherichia coli linkage map (5) revealed that
chromosomal genes immediately flanking (�50 kb) the seven
ribosomal operons of this species consist primarily of evolu-
tionarily neutral (housekeeping) genes (see “In Silico and Ex-
perimental Resolution of Variable Ribosomal Operon Flanks”
below), the same category of genes used for phylogenic anal-
ysis by multilocus enzyme electrophoresis (MLEE) (68) and
more recently by multilocus sequence typing (MLST) (50).
This perspective therefore suggested to us that RFLPs gener-
ated by ribotyping could be used to characterize the evolution-

ary genetic relatedness of independent isolates (8, 9, 16, 31, 32,
81) as well as for simple fingerprinting to differentiate inde-
pendently isolated nonclonal bacterial strains within a species
(4, 24, 31, 32, 78).

IN SILICO-BASED EXPERIMENTAL DESIGN
AND INTERPRETATION USING

HAEMOPHILUS INFLUENZAE
AS THE PROTOTYPE

Knowledge of 16S rRNA sequence conservation (21) and
the presence of neutral genes flanking the seven ribosomal
operons of Escherichia coli (5) allowed us, in 1990, to develop

FIG. 2. Genome sizes and ribosomal operon copy numbers of 190 genomically sequenced bacterial strains. Genomically sequenced bacterial isolates
are categorized by number of ribosomal operons (right y axis). Within each ribosomal number category, bacterial isolates are organized by decreasing
genome size, in Mbp (x axis), demonstrating a lack of concordance between number of ribosomal operons and genome size. Eubacterial genomes are
color coded according to their taxonomic classification (phyla) as assigned in the NCBI genome database and noted in the color key.

FIG. 3. Conservation of rRNA operon sequences and variability of chromosomal flank sequences are responsible for ribotyping polymor-
phisms, as revealed by in silico analysis (Gene Construction Kit; Textco BioSoftware, Inc.) of the six ribosomal operons of the genomically
sequenced H. influenzae strain Rd. Evolutionarily diverse isolates within a bacterial species display ribotype fragments of differing sizes comprising
either the 5� end of the 16S rRNA gene and neighboring flank DNA or the 3� end of 23S-5S rRNA genes and neighboring flank sequence. The
six ribosomal operons of strain Rd, labeled A through F, are depicted, along with EcoRI restriction sites within the rrn genes and the first flanking
EcoRI site adjacent to each ribosomal operon. Based on the sizes of EcoRI fragments generated, the bar code at the left depicts the predicted
EcoRI ribotype profile for strain Rd. Twelve of the 14 bands in the profile result from polymorphisms in the chromosomal flanks of the six rrn
operons; the remaining two bands are the species-specific signature bands, comprising the ISR between the 16S and 23S rRNA genes and size
dependent on the presence of one or two tRNA sequences. Species-specific signature band sizes are depicted beneath each operon genetic map
in mauve, underlined numerals. Ribosomal operons A, C, and D contain two tRNAs (tRNAIle shown in cyan and tRNAAla shown in mauve).
Ribosomal operons B, E, and F contain one tRNA (tRNAGlu shown in orange). The gray bar beneath the linear maps of the ribosomal operons
depicts the location of the probe used to identify rRNA gene-containing fragments.
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a hypothetical model of the molecular genetic basis of ribotype
RFLPs. However, our current, detailed understanding began
some 5 years later with the in silico analysis of the first avail-
able bacterial genomic sequence in 1995, that of H. influenzae
strain Rd (20), containing six ribosomal operons. In silico anal-
ysis of H. influenzae Rd ribosomal flanking sequences con-
firmed the presence of neutral genes as being responsible for
the ribotyping polymorphisms, while also providing the tool
necessary for rational design of a ribotyping protocol, as de-
scribed below.

In Silico Resolution of Conserved Internal rRNA Gene
Cleavage Sites

Our initial step in designing a ribotype protocol for H. in-
fluenzae involved an in silico survey of the genomic sequence of
strain Rd (20) to search for conserved restriction endonuclease
cleavage sites within the six ribosomal operons. The ideal re-
striction enzyme would cut once within the 16S rRNA gene
and once within the 23S rRNA gene, so as to create an internal
species-specific fragment (Fig. 1e and 3; also see “In Silico and
Experimental Resolution of Variable Ribosomal Operon
Flanks” below). Other parameters considered for selection of
an appropriate restriction enzyme included length, GC con-
tent, and specificity of the recognition site, all of which con-
tribute to the sensitivity of ribotyping.

Candidate restriction cleavage sites fulfilling the above cri-
teria were then scanned for in all publicly available 16S and
23S H. influenzae rRNA gene sequences in addition to those of
closely related species to confirm conservation of the restric-
tion site. This in silico-based rational selection allows for a
priori choice of restriction sites likely to be conserved among
all members of the species, a prerequisite for designing a
reliable and readily interpretable species-wide ribotyping
scheme (Fig. 3). Following restriction enzyme selection,
genomic DNAs of isolates to be ribotyped are digested, sepa-
rated by electrophoresis, transferred onto a nylon membrane
by Southern blotting, and hybridized to a labeled probe con-
sisting of ribosomal operon sequence, enabling resolution of
ribotype RFLP patterns (Fig. 1). Of note here, an appropriate
choice of the ribosomal operon probe sequence is essential for
efficient, specific hybridization. Early ribotype studies (80)
used purified 16S and 23S rRNAs from E. coli as probe sub-
strates. Subsequently, pKK3535, a recombinant plasmid con-
sisting of the cloning vector pBR322 and the ribosomal operon
B rRNA gene from E. coli K-12 (10), was adopted for this
purpose (4). However, it has been our experience that species
phylogenically distant from E. coli (e.g., Neisseria meningitidis,
Streptococcus pneumoniae, Pseudomonas aeruginosa, and Burk-
holderia cepacia) will hybridize inefficiently to this ribosomal E.
coli probe due to low sequence homology. We eliminate this
hybridization problem by using as our labeled probe PCR-
amplified rRNA genes of the species being ribotyped (Fig. 1
and 3).

In Silico and Experimental Resolution of Variable
Ribosomal Operon Flanks

The high degree of conservation of ribosomal operons sug-
gests that in fact ribotype RFLP variability is a reflection of

polymorphisms not in the ribosomal operons themselves but
rather in flanking chromosomal genes (Fig. 3). In silico analysis
of 50,000 bp immediately upstream and downstream of the six
ribosomal operons of H. influenzae Rd (20) revealed that DNA
flanks are primarily (see Table S1 in the supplemental mate-
rial) composed of neutral housekeeping genes encoding pro-
teins not subject to diversifying selection. Genes in this cate-
gory, defined according to Kimura’s neutral theory of
molecular evolution (39), evolve through point mutations. New
alleles become prevalent in the population through random
genetic drift, not through diversifying Darwinian selection. As
such, neutral genes typically evolve at a predictable pace (58).
Given the astronomical numbers of bacteria that exist for any
given species, the number of variant alleles for a housekeeping
gene is vast (54) and provides the basis for polymorphisms
detected by ribotyping (Fig. 4). This is the same category of
genes providing the molecular genetic basis for MLEE (69)-
and MLST (50)-based analyses of microbial population struc-
tures.

Other RFLP-based methods used to resolve the relatedness
of independent bacterial isolates, e.g., pulsed-field gel electro-
phoresis (PFGE) (3), are often broadly focused on the bacte-
rial genome as whole rather than a particular category of
genes. Because PFGE RFLP cut sites occur across the ge-
nome, they may reflect diversifying selection typical of genes
encoding virulence factors and surface-exposed proteins, po-
tentially confounding RFLP interpretation as to the level of
evolutionary relatedness of any two isolates. In contrast, the
tight genetic linkage of evolutionarily neutral gene sequences
to the highly conserved ribosomal operons makes ribotyping
analysis readily interpretable. In essence, the rRNA gene se-
quences are exploited as “linked tags” to the adjacent neutral
gene sequences. Because rRNA gene operon sequences per se
are so highly conserved within a species, polymorphisms are
revealed in the flank sequences while no such changes are
found in the anchoring rRNA gene. The availability of com-
pleted genomic sequences for 155 bacterial species (http://www
.ncbi.nlm.nih.gov:80/genomes/static/eub_g.html) allowed for in
silico analysis confirming that ribosomal flanks (�50,000 bp)
consist on average of 93% (standard error, 0.0033) neutral
housekeeping genes (ranging from 79.2% in Coxiella burnetii to
98% in Corynebacterium glutamicum [see Table S1 in the sup-
plemental material]).

While MLST (50) and ribotyping both appear to be based on
neutral gene polymorphisms, establishment of a new MLST
scheme for a particular species calls for a significant empirical
effort in screening candidate neutral genes to determine
whether their evolution indeed is neutral for a particular spe-
cies. Evolution of seemingly neutral genes may be subject to
hitchhiking effects of nonneutral neighboring genes under di-
versifying selective pressure involving recombination-based
mutation, e.g., those coding for outer membrane proteins (83).
In contrast, because rRNA gene chromosomal flanks are com-
posed for the most part of densely clustered neutral genes (Fig.
4), such confounding effects on neutral gene evolution are
minimized. We refer to such protected rRNA gene flanking
regions of low recombination as recombinationally quiescent.

For any bacterial isolate with a known genomic sequence,
the precise ribotype RFLP profile for a restriction enzyme can
be determined a priori. For the case of H. influenzae strain Rd,
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we determined in silico that EcoRI would have two unique
cutting sites, one within the 16S rRNA gene and one within the
23S rRNA gene. Such a digest results in two RFLP band
categories: 12 RFLP bands corresponding to two flank frag-
ments for each of the six ribosomal operons, plus two bands
comprising the internal spacer regions (ISR) located between
the 16S and 23S genes of the six rRNA gene operons (Fig. 3).
Interpretation of ribotyping depends in part on size variation
of these ISR bands containing tRNA-encoding DNA se-
quence(s). For the most part, ISR size is related to the number
of tRNAs found within this region, typically one or two, as in
the case of H. influenzae, thereby explaining presence of two
variant size ISR bands. Vibrio vulnificus (12), with eight ribosomal
operons, displays the largest known range of ISR size (422 to 743
bp) and tRNA number (one to four). Since the sizes of these
internal fragments are conserved within most species (2, 23), we have
named them species-specific signature bands (Fig. 3).

By including strain Rd as a size standard on every H. influ-
enzae ribotype gel, all polymorphic changes found within the
ribosomal operon flanks of independent isolates can be com-
pared to the prototypic Rd RFLP profile to extrapolate RFLP
band sizes.

Molecular Basis of Species Diversity Resolved by
Conventional Ribotyping: Single-Point-

Mutation-Based Model

The diversity of polymorphic ribotype fragments relies on the
assumption that as strains evolve they acquire random mutations
throughout their genome and, as such, is dependent on the rate of
point mutations occurring in the genes flanking the ribosomal
operons (Fig. 4). A single base pair change in a typical 6-bp
restriction endonuclease recognition site will result in the loss of
the cutting site and consequently in a change in the RFLP fin-
gerprint profile. Given that ribosomal operons are flanked by
�50,000 bp of DNA carrying neutrally evolving genes, ribotype
RFLP variation is a reflection of neutral gene evolution.

In order to estimate the potential diversity of polymorphic
ribotype fragment sizes, we developed a model based on single
nucleotide point mutations using the Haemophilus influenzae Rd
genome sequence. The flanking 50-kb upstream and downstream
regions of the six ribosomal operons were scanned for 6-bp im-
perfect (potential) EcoRI recognition sites, i.e., sites one point
mutation away from becoming an actual EcoRI site: 5�-GCATT
C-3�, 5�-GGATTC-3�, 5�-GTATTC-3�, 5�-GACTTC-3�, 5�-GAG

FIG. 4. In silico analysis (Gene Construction Kit) of potential EcoRI sites in 50 kb upstream and downstream of the H. influenzae strain Rd
ribosomal operon C (rrnC). Flanks of rrnC, as well as flanks of the remaining five ribosomal operons (data not shown) in H. influenzae strain Rd,
are composed primarily (90.3%) of neutral housekeeping genes. Because of high intraspecies conservation of rRNA gene sequences, ribotype
RFLPs found among independent H. influenzae isolates result from changes in restriction sites in the chromosomal flanks in which there exist a
vast array of “potential” EcoRI sites. (a) In silico analysis of rrnC of H. influenzae strain Rd and contiguous �50 kb upstream and downstream
sequences. Genes encoding rRNA (16S, 23S, and 5S) are depicted as large, black boxes; genes flanking the ribosomal operon are color coded
according to their products’ cellular functions. Functional classification indicates that the majority of flank sites are evolutionarily neutral. Black
diamonds indicate existing EcoRI restriction sites, with the four larger diamonds indicating EcoRI sites responsible for the actual RFLP profile
of H. influenzae Rd. (b) In silico analysis of the �600 “potential” EcoRI sites that could give rise to a novel cut site by single point mutation, with
each of the three maps depicting point mutations at different positions of the palindromic recognition sequence. The locations of the small
diamonds reveal that these potential EcoRI sites are distributed along the two 50-kb flank sequences. EcoRI site-generating point mutations of
this type in the ribosomal operon chromosomal flanks are the primary molecular genetic basis for the diversity of ribotype profiles attained. Similar
in silico analysis of the remaining ribosomal operons (data not shown) allowed us to calculate the maximum possible number of ribotype RFLP
profiles as 30012 � 5.3 � 1029, where 300 is the number of potential EcoRI sites for each flank and 12 is the total number of upstream and
downstream flanks in any given H. influenzae isolate. As explained above in the text (see “Molecular Basis of Species Diversity Resolved by
Conventional Ribotyping: Single-Point-Mutation-Based Model”), 1029 is hypothetical (i.e., the potential number of polymorphisms available by this
analysis), while in reality, because of numerous biological constraints, the actual number is much smaller than the possible number.
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TTC-3�, 5�-GATTTC-3�, 5�-CAATTC-3�, 5�-AAATTC-3�, and
5�-TAATTC-3� (where an underlined nucleotide indicates the
position of a point mutation from the actual EcoRI recognition
site, 5�-GAATTC-3�) (Fig. 4b). Assuming that independent iso-
lates of the species acquire novel sites by different single point
mutations, we were able to estimate the number of possible com-
binations of polymorphic fragment sizes. In this one-step point
mutation model, the number of possible ribotypes was estimated
to be �1029 within 12 flanks (�600 kb total) for the case of H.
influenzae (see the legend to Fig. 4).

Experimental studies allowed testing of our model as to the
degree to which all possible new EcoRI sites are actually found
in the natural population structure of H. influenzae. By plotting
the accumulated number of novel ribotypes resolved versus the
accumulated number of strains analyzed, we show that, in fact,
in a �600-isolate collection, the number of possible ribotypes
tends to be limited to a number well below the estimated 1029

(Fig. 5). This likely reflects biological constraints to mutations,
as some point mutations giving rise to a new EcoRI site will be
lethal. For example, while both 16S and 23S rRNA genes
contain potential EcoRI sites (Fig. 4b), in the �600 isolates
analyzed to date the actual EcoRI sites remain conserved,
based on the consistent size of signature bands. This is ex-
pected due to secondary structure constraints allowing very
little variation within these ribosomal sequences, such that

mutations giving rise to new EcoRI sites have been eliminated
by purifying selection (47). Analogously, in the flanking region,
some EcoRI sites will be fixed because they are located in
essential regions of flanking genes. An additional limitation on
the estimated number of possible ribotype patterns reflects the
reality that in order to resolve ribotype RFLP fragments re-
sulting from potential restriction sites distant from the ribo-
somal operon (�30 to 50 kb), all actual EcoRI sites located
closer to the ribosomal operon would have to undergo point
mutations making them no longer recognizable by EcoRI.

The fundamental in silico approach described above for the
design and interpretation of a conventional ribotyping scheme
for H. influenzae has since been successfully implemented for
an additional eight bacterial species, both gram negative and
gram positive: E. coli, P. aeruginosa, B. cepacia, S. pneumoniae,
N. meningitidis, Bordetella pertussis, Bordetella parapertussis,
and Bordetella bronchiseptica.

CAVEATS

Enzyme Selection

While ideal restriction enzyme selection has been discussed
above, we recognize that identification of such an enzyme is
not always possible. For the case of S. pneumoniae, the most

FIG. 5. Estimation of the number of H. influenzae isolates necessary to analyze by EcoRI ribotyping in order to reach species diversity. A
randomized list of ribotyped isolates was generated. For each isolate (x axis), the y value increases by 1 if the isolate represents a new ribotype
profile not previously identified in the randomized set. The resulting plot is depicted in dark blue, with fitted nonlinear regression in light blue.
The model used for the nonlinear regression is the one-phase exponential association function y � ymax(1 � e�Kx). As the data set increases and
becomes more representative of species diversity, fewer new clusters appear, and the tangent to the regression curve tends toward a slope of 0,
at which point one can estimate both the number of possible ribotype profiles attainable and the approximate number of isolates required in order
to achieve this maximal representation of the diversity of the species. This analysis was performed for three other bacterial species, shown here
for comparison purposes in light gray (fitted nonlinear regression) and black (experimental data). For the four bacterial species, the nonlinear
regression analysis of ribotype polymorphisms is in accord with the previously established degree of clonality/panmixia: significantly more
polymorphic profiles are predicted for the panmictic S. pneumoniae than for the relatively clonal H. influenzae.
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promising enzyme with a unique restriction site within both the
16S and 23S rRNA genes is SmaI. However, the SmaI recog-
nition sequence (5�-CCCGGG-3�) differs greatly in GC con-
tent from that of S. pneumoniae (39%). For this reason, SmaI
is the restriction endonuclease most commonly used for PFGE
analyses of S. pneumoniae, a technique requiring an infre-
quently cutting restriction enzyme, thus generating very large
fragments (�400 kb) (3) not suitable for ribotyping. This ne-
cessitated a modified scheme for S. pneumoniae utilizing two
frequently cutting enzymes each having a unique recognition site
within the ribosomal operon, HindIII (5�-AAGCTT-3�) and
PvuII (5�-GAGCTG-3�). While neither enzyme alone gives suffi-
cient discrimination, together they provide a level of discrimina-
tion equivalent to that resolved for H. influenzae (38% GC con-
tent) using EcoRI (5�-GAATTC-3� recognition site).

IVSs within 16S and 23S rRNA genes

rRNA genes are typically transcribed from the ribosomal
operon as 30S rRNA precursor molecules which are then cleaved
by RNase III into 16S, 23S, and 5S rRNA molecules (17, 59, 77).
Winkler was the first to observe fragmentation of 23S rRNA
molecules of Salmonella enterica serovar Typhimurium into sev-
eral smaller molecules during maturation (88). Later studies re-
vealed that rRNA molecules of other bacterial species are like-
wise fragmented due to the presence of intervening sequences
(IVSs) within either the 16S rRNA or the 23S rRNA (see studies
cited in Table 3 of reference 6). Cotranscribed as part of the
rRNA precursor, IVSs form extended stem-loop secondary struc-
tures that are cleaved during the rRNA maturation process. The
presence of fragmented rRNAs among closely related isolates is
sporadic, found in some strains of a given bacterial species, and
not always present in all copies of the ribosomal operon within the
same bacterium.

The presence of IVSs within the 16S or 23S rRNA gene
could potentially confuse interpretation of ribotyping RFLP
patterns by (i) containing endonuclease recognition sequences
of the selected restriction enzyme and/or (ii) altering the size
of the signature band. The appearance of an additional restric-
tion site within the IVS would result either in truncation of the
species-specific signature band or in alteration of the flanking
DNA band, depending on the position of the new cut site. IVSs
reported to date range in size from 72 to 759 bp, with most
being approximately 100 bp (6). When we developed a ribotyp-
ing scheme for H. influenzae, the presence of IVSs in this
species had not yet been identified. In 1999, Song et al. (74)
reported the sporadic presence of two types of IVSs in the 23S
rRNA gene sequences of some isolates of H. influenzae, IVS1
(112 bp) and IVS2 (121 to 123 bp), with none in the six ribo-
somal operons of the genomically sequenced strain Rd. A review
of our RFLP patterns and in silico analysis of the relative posi-
tions of IVS1 and IVS2 within the 23S rRNA gene revealed that
the signature band size was not affected. As well, the presence of
IVS1 or IVS2 did not noticeably affect the size of flank RFLP
fragments due to their relatively small size (112 to 123 bp).

Limited Number of Ribosomal Operons

The copy number of ribosomal operons in bacterial species
has been found to range from 1 to 15 (Fig. 2) and to be

typically constant within species. As ribotype RFLPs are based
on identification of fragments immediately upstream and
downstream of each ribosomal operon, the multiplicity of
these operons will determine the number of ribotype RFLP
bands generated and thus the sensitivity of the method. The
minimum number of ribosomal operons within a genome for
which ribotyping is being carried out in our laboratory is four
(P. aeruginosa and S. pneumoniae). While more than one re-
striction enzyme could be used to generate multiple ribotype
RFLP profiles in bacterial species with a lower ribosomal
operon copy number in order to increase discrimination, the
ribosome-flanking region investigated would still remain lim-
ited.

LIMITED APPLICABILITY OF ALTERNATE
RIBOTYPE SCHEMES

Attempts at developing more rapid, less labor-intensive typ-
ing schemes, also referred to as ribotyping, have appeared in
the literature. As discussed below, while these alternatives are
seemingly more practical for the clinical microbiology labora-
tory than conventional ribotyping and have all been found to
be effective techniques for identifying bacteria to the species
level, the highly conserved nature of the rRNA genes makes
these alternatives insufficiently discriminatory for rigorous in-
traspecies epidemiological differentiation. While these alterna-
tives may in fact answer the question “identical, or not?,”
anyone applying these alternatives needs to be satisfied with an
answer that cannot be precisely interpreted as to the evolu-
tionary genetic relatedness of any two isolates.

PCR Ribotyping

PCR ribotyping was developed by Kostman et al. (42, 43)
and Gurtler et al. (27, 28) in the 1990s as a response in part to
the need in the clinical microbiology laboratory setting for
expeditious epidemiological discrimination among pathogenic
microorganisms without the use of probes, thus making the
analysis more widely applicable.

Using primers complementary to the 3� end of the 16S
rRNA gene and the 5� end of the 23S rRNA gene, PCR
ribotyping reveals length heterogeneity of the PCR-amplified
ISR (27, 42). Although developed for epidemiological analysis
and for discrimination of pathogens, PCR ribotyping proved
not to be universally applicable (11).

In silico analysis of ISR length variability in 27 genomically
sequenced bacterial species (data not shown) revealed that
while in some species ISR length is variable within and be-
tween isolates, in others ISR lengths are limited to one or two
sizes, usually dependent on the number of tRNAs present (15,
70). For example, while the multiple copies of the S. enterica
serovar Typhimurium, serovar Infantis, and serovar Derby ISR
are polymorphic, they are conserved in other Salmonella spe-
cies, as well in Listeria, Streptococcus, and certain species of
Staphylococcus (23, 28, 45, 51). This consideration suggests
that PCR ribotyping would be a generally more effective tech-
nique for identifying bacteria to the species level and less
reliable for intraspecies epidemiological classification at the
strain level.

One species with which this methodology has found some
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success is Clostridium difficile, having a total of 11 ribosomal
operons, with differing tRNAs and ISR lengths found among
ribosomal operons of the same organism (67) (GenBank ac-
cession number AM180355). As of the date of submission,
�43% of all published PCR ribotyping studies have been per-
formed with C. difficile (7, 37, 64, 79). An analysis of 45 isolates
of C. difficile from which the IVS had been sequenced did not
reveal striking sequence length diversity (data not shown);
however, it appears that the selection of PCR ribotyping as a
typing technique relies more on the comparative ease of the
technique and repeatability rather than on the discriminatory
ability (7), due to the occurrence of DNA degradation in C.
difficile interfering with PFGE analysis. More recent studies
have begun to recognize the comparative lack of discrimina-
tion of this technique and are favoring more discriminatory
techniques, such as PFGE and multiple-locus variable-number
tandem repeat analysis, for differentiating isolates having iden-
tical PCR ribotype profiles (37, 86). C. difficile serves as an
example of the fact that differences in specific bacterial prop-
erties and the levels of discrimination needed by a particular
bacterial species must be taken into account when selecting the
most applicable typing technique.

PCR Ribotyping Followed by Restriction
Endonuclease Subtyping

In addition to length variation, many species demonstrate
high degrees of sequence variability among multiple copies of
the ISR (28). Such variability is due, in part, to the fact that
intergenic regions often encode one or two tRNAs (2, 15). As
well, certain organisms (e.g., E. coli) possess multiple alleles of
the rRNA gene cluster, with considerable interallelic variation
occurring in the lengths and sequences of the ISRs (22) both at
the level of operons in the same genome and between operons
within a species.

In an attempt to further subtype isolates for which PCR
ribotyping was nondiscriminatory, Ryley et al. (65) and Shreve
et al. (72) performed PCR amplification of ISRs, as described
above, followed by restriction endonuclease digestion. While
additional discriminatory power was found in some cases, the
method proved to be inherently limited, typically generating
only two to four bands. Further, for some species tested, e.g.,
H. influenzae (35) and group A streptococci (76), strains dis-
tinguished by conventional ribotyping were resolved as identi-
cal by this method.

ARDRA

An alternate variation of PCR ribotyping, amplified rRNA
gene restriction analysis (ARDRA) is based on PCR amplifi-
cation of the 16S rRNA gene followed by restriction digestion.
Jayarao et al. (34) developed this technique to determine sub-
species of Streptococcus uberis, as a means to avoid methods
involving DNA hybridization or sequencing. As 16S rRNA
gene sequence variation for interspecies differentiation of iso-
lates (i.e., species determination) is well established (21, 87,
91), it is not surprising that ARDRA, even more so than PCR
ribotyping, has proven useful for species differentiation rather
than intraspecies epidemiological discrimination or phylogenic
organization of independent isolates.

Some laboratories have likewise used the 23S rRNA gene to
differentiate isolates (35, 85), with the rationale that the 23S
rRNA gene, being 60% larger and with a more frequent rate of
sequence change than the 16S rRNA gene (60), would be more
polymorphic. Despite the increased length and variability, 23S
ARDRA proved to be significantly less discriminatory than
conventional ribotyping where so compared, e.g., with non-
typeable H. influenzae (35).

Long PCR Ribotyping

As a means to enhance the differentiating capacity of PCR
ribotyping followed by restriction digestion (see above), Smith-
Vaughan et al. (73) developed long PCR ribotyping. This tech-
nique is based on PCR amplification of the entire 16S-23S-5S
ribosomal operon (�5.5 kb) followed by restriction endonu-
clease digestion (73). This method should be more discrimina-
tory than 16S sequencing alone in that it covers the more
highly variable ISR yet possesses the epidemiologic advantages
of the species-specific conservation of 16S and, to a lesser
degree, 23S rRNA genes (26, 30, 60). While it has been applied
only to H. influenzae, given the considerations discussed above
regarding lack of heterogeneity of the ISR in many species and
the known conservation of 16S and 23S rRNA genes, it can be
assumed that this technique will require the same caveats as
PCR ribotyping.

AUTOMATED RIBOTYPING

As described by Dupont Qualicon, the RiboPrinter auto-
mated ribotyping system is a technological breakthrough with
respect to convenience, reproducibility, and speed. Our limited
experience, however, revealed a downside associated with the
speed obtained using the relatively shorter-length agarose gel
format standard with the device. In this case, band separation
proved not as discriminatory as that resolved using the more
standard, larger (16-cm length) gels depicted in the protocol
shown in Fig. 1 and 3. In addition, the cost of ribotyping is
significantly greater using the automated system. Nonetheless,
if lesser discriminatory power provides the degree of resolution
of ribotype RFLPs needed to address questions of clinical
epidemiology (e.g., “identical, or not?”), then this would be an
ideal system in the clinical microbiology laboratory because of
its speed and reliability. The speed in this case appears to be
�2- to 3-fold greater than that for manual ribotyping, with far
less labor-intensive procedures.

BEYOND “IDENTICAL OR NOT?”

Having published the first report on the application of
pulsed-field electrophoresis to molecular epidemiology (3), we
subsequently used this technique in studies involving both ri-
botype and PFGE analysis for the same sets of isolates of a
number of different bacterial species (3, 4, 24, 32, 78, 81). Both
approaches provided ample discriminatory power and were for
the most part in accord. However, as mentioned above, unlike
conventional ribotyping, the molecular genetic basis for a de-
tected PFGE profile is inherently imprecise for a number of
reasons: (i) restriction endonuclease cut sites giving rise to
polymorphisms revealed by PFGE are unpredictably scattered
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throughout the chromosome, and (ii) unlike in ribotyping, de-
tected polymorphisms may involve any functional category of
nonneutral genes, including those under the pressure of diver-
sifying antigenic selection.

As such, while PFGE results can address the question “iden-
tical or not?,” indexing the degree of identity between any two
isolates with variant PFGE profiles remains at best uncertain.
As an understanding of the evolutionary genetic relationships
between bacterial isolates provides valuable insight into the
emergence and spread of pathogenic organisms, we have come
to rely on ribotyping or MLST to provide this picture, which
cannot be accurately obtained from PFGE analysis or alternate
ribotyping schemes.

CONCLUDING REMARKS

Our studies reveal that the ribosomal operon flanks in bac-
teria are composed principally of housekeeping genes and that
genetic variation in these genes is primarily responsible for
ribotype polymorphisms. The evolutionary neutrality of house-

keeping genes constitutes a major factor in the interpretation
of ribotype RFLPs. Elucidation of the basis of ribotyping at
this molecular genetic level has since allowed us to confidently
use this technique to study bacterial population genetics and
species diversity in H. influenzae (9, 16), S. pneumoniae (47a),
B. cepacia (32, 78, 81), P. aeruginosa (R. Z. Jiang, L. Sun, A.
Agodi, S. Steinbach, and R. Goldstein, presented at the 6th
Annual Meeting of the North American Cystic Fibrosis Foun-
dation, Washington, DC, October 1992), and E. coli (4). For
two of these species, H. influenzae and S. pneumoniae, where
comparative ribotype and MLST-based dendrograms were
constructed with the same large sets of �500 isolates each,
these proved to be highly congruent (33).

Figure 6 depicts such a species-level ribotyping dendrogram
consisting of �600 independently isolated strains of typeable
and nontypeable H. influenzae (9, 16). Possession of the col-
lection of genetically organized isolates so correlated with this
dendrogram has enabled us to select a manageable subset of
strains representative of species diversity for identification of
shared virulence factors using an animal model (9), for lipo-

FIG. 6. Ribotype RFLP phylogenic tree (BioNumerics; Applied Maths) based on ribotyping of �600 H. influenzae isolates of diverse origins.
Capsular serotypes, clinical sources, and geographic distribution are depicted as horizontal barcodes. The choice of isolates to create a manageable,
phylogenetically representative subset for further studies is indicated by dark arrows. Independent confirmation of this dendrogram was obtained
based on capsular operon gene polymorphism analysis (44) and congruence of a ribotype-based phylogenetic tree of a subset of the type a to f
isolates with results from MLEE analysis (56). Further validation was obtained by comparative gene sequencing of recA and 16S rRNA genes
among a representative subset of 50 of the isolates and MLST analysis of a representative set involving 51 of the nontypeable isolates.
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polysaccharide structural analysis (16), and for vaccine target
conservation survey and testing (8).
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