
JOURNAL OF BACTERIOLOGY,
0021-9193/98/$04.0010

Apr. 1998, p. 2144–2151 Vol. 180, No. 8

Copyright © 1998, American Society for Microbiology

Variation of the Ribosomal Operon 16S-23S Gene Spacer Region in
Representatives of Salmonella enterica Subspecies
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The 16S-23S spacer regions of two ribosomal operons (rrnA and rrnE) have been sequenced in seven rep-
resentatives of the Salmonella enterica subspecies. Isolated nucleotide substitutions were found at the same sites
as in Escherichia coli but the number of polymorphic sites was much larger, as could be expected for a more
heterogeneous species. Still, as in E. coli, most of the variation found was due to insertions and/or deletions
affecting blocks of nucleotides generally located at equivalent regions of the putative secondary structure for
both species. Isolated polymorphic sites generated phylogenetic trees generally consistent with the subspecies
structure and the accepted relationships among the subspecies. However, the sequences of rrnE put subspecies
I closer to E. coli K-12 than to the other S. enterica subspecies. The distribution of polymorphisms affecting
blocks of nucleotides was much more random, and the presence of equivalent sequences in distantly related
subspecies, and even in E. coli, could reflect relatively frequent horizontal transfer. The smallest 16S-23S spac-
ers in other genera of the family Enterobacteriaceae were also sequenced. As expected, the level of variation was
much larger. Still, the phylogenetic tree inferred is consistent with those of 16S rRNA or housekeeping genes.

Ribosomal operons have acquired paramount relevance for
the study of bacterial evolution and phylogeny. The rRNA 16S
and 23S genes are the most widely used molecular chronom-
eters for inferring microbial phylogeny and have been instru-
mental in developing a comprehensive view of microbial phy-
logeny and systematics (14). In most prokaryotes the ribosomal
genes form an operon with the order 16S-23S-5S and are
cotranscribed in a single polycistronic RNA that has to be
processed to give the RNA species present in the mature
ribosome (8). The spacer between the 16S and 23S genes is
often called the internal spacer region (ISR). These spacers
contain regions with secondary structures (6) and sometimes,
very often in gram-negative bacteria, tRNA genes. The num-
ber of ribosomal operons in bacteria varies between 1 and 11
(13). When there is more than one it is common that they are
not identical (intercistronic heterogeneity), particularly re-
garding the ISR sequence (7, 9, 30). In Escherichia coli K-12
and Salmonella enterica LT2 there are seven operons located at
equivalent loci in the genetic maps of the chromosomes of each
strain (21). In three of them the ISR contains two tRNA genes
(ISR2) for isoleucine and alanine (operons A, D, and H in
K-12 and A, D, and B in LT2) with an average size of about 450
bp. The remaining four (operons B, C, E, and G in K-12 and
C, E, G, and H in LT2) have a single tRNA gene for glutamic
acid (ISR1) and are consequently smaller (about 350 bp) (9).

The role of the spacer regions in the maturation of the
polycistronic rRNA is far from clear. Some regions have sec-
ondary structures with stretches of canonical base pairing that
are substrates for RNase III cuts and separation of the gene
products (26, 29). However, the final stages in maturation,
which include the trimming of the rRNAs to their final size,
take place in the assembling ribosomal subunit with ribo-
nucleoproteins as substrate. Here the interaction among the
precursor rRNA (containing stretches of the spacer still at-

tached) and the ribosomal proteins seems to be essential for
proper processing.

The variation found among relatively close taxa is known to
be very high for the spacers of the rRNA operons (27). Even
within the g subclass of the class Proteobacteria, some species
show hardly any similarity to E. coli. For example, Haemophilus
influenzae has only about 22 nucleotides centered around the
RNase III recognition site 39 to the 16S rRNA gene and about
12 nucleotides at the equivalent site 59 to the 23S gene which
are highly similar to those of E. coli. The rest of the spacer
(except for the tRNA gene and the antiterminator called box A
[4]) is totally different in the two species. In species of Pseudo-
monas only the last two sequences remain similar (13). The
extreme divergence in size and sequence of the spacers among
different groups of prokaryotes, together with their location
between highly conserved rRNA genes, makes them good
markers for bacterial classification, and their use in rapid, and
even automatic, identification has been suggested (3, 11, 13, 17,
20).

Recently (2), the ISR sequences of the seven operons of 12
representative strains of the E. coli reference (ECOR) collec-
tion were studied, a group of strains encompassing much of the
phylogenetic diversity within this species (28, 31). The varia-
tion was, however, very restricted. In fact, at the level of single
nucleotide substitutions, the degree of variation found for
these spacer regions is not very different from that found for
the 16S rRNA genes of the same strains (7, 23). The main
source of heterogeneity (both intercistronic and interstrain)
was the presence of insertions and/or deletions involving
blocks of nucleotides. And most of these were already present
in K-12 as intercistronic heterogeneity. There was a clear ten-
dency toward homogenization (less intercistronic heterogene-
ity) in most strains. However, some apparently infrequent vari-
ations, such as the rsl sequence (6), maintained a widespread
distribution, perhaps reflecting a horizontal transfer and re-
combination that counteracts the homogenization trend. These
results represent an interesting problem of molecular evolu-
tion. First, if this sequence has indeed little functional restric-
tion, as the great intergenic variation seems to indicate, greater
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variation should be expected. And second, there seems to be a
sharp change in the rate of variation within and between spe-
cies that contrasts with the relatively smooth gradient of vari-
ation found for the ribosomal genes.

To improve our understanding of the molecular evolution of
these spacer regions, we have studied their sequence in repre-
sentatives of S. enterica subspecies. Besides the location and
tRNA genes present (21) nothing was known about the S. en-
terica ISRs. After E. coli, S. enterica is probably the bacterial
species best known at the level of intraspecies variation and
phylogeny (32). The structure of the subspecies seems to be
very robust; very diverse types of data, from multilocus enzyme
electrophoresis to sequencing of various genes, give results
coherent with the accepted subspecies structure (5). Sequence
data also point to a very preserved clonal structure within this
species. We have also sequenced some tRNAGlu-containing
spacers of other members of the family Enterobacteriaceae to
scan the variation found for wider phylogenetic gaps.

MATERIALS AND METHODS

Strains. The S. enterica strains utilized were obtained from different sources as
described previously (35). The S. enterica subspecies and strains used were as
follows: subspecies I, LT2 and M298; subspecies II, M495; subspecies IIIa, M313;
subspecies IIIb, M316; subspecies IV, M318 and M320; subspecies V, M321; and
subspecies VI, M324. Citrobacter freundii OS60 (19), Enterobacter aerogenes E482
(19), Klebsiella pneumoniae LD119 (19), Escherichia blattae ATCC 29907, Esch-
erichia hermannii ATCC 33650, Escherichia vulneris ATCC 33821, and Esche-
richia fergusonii ATCC 35469 were kindly provided by J. G. Lawrence (Wash-
ington University).

PCR primers. To specifically amplify the ISRs of operons rrnA and rrnE, two
primers were designed located in genes upstream of both operons in E. coli K-12.
For rrnA the primer TCTCAACAAGGGACGGACAA, which corresponds to
nucleotide positions 20 to 39 in hemG of E. coli K-12, was used. For rrnE the
primer used was TAATGGCATCGTCCTGGCCGC. This primer is derived
from positions 1322 to 1342 of purH. Universal primers 16S14F and 23S1R have
been described elsewhere (12).

DNA extraction and PCR amplification. One colony from a fresh culture was
resuspended in 200 ml of Instagene Purification Matrix (Bio-Rad) in Eppendorf
tubes. DNA was extracted following the manufacturer’s recommendations, and
the DNA concentration was estimated with a Gene Quant RNA/DNA calculator
(Pharmacia LKB Biochrom). For PCR the DNA concentration was adjusted to
20 ng/ml. Amplification of specific rrn operons in S. enterica strains was carried
out in two steps (nested PCR). Approximately 40 ng of chromosomal DNA was
subjected to PCR amplification in a total volume of 50 ml containing 50 mM KCl,
10 mM Tris-HCl (pH 9.0), 1.5 mM MgCl, 0.1% Triton X-100, 0.2 mM (each)
deoxyribonucleotide (dATP, dCTP, dGTP, and dTTP; Pharmacia LKB Biotech-
nology), 2 U of TaqPlus DNA polymerase (Stratagene), and 50 to 60 pmol of
each primer. For the first step, rrn-specific primers were used in combination with
23S1R. The reaction mixtures were subjected to a “touch down” (10) thermal
cycling regime which consisted of the following: 3 cycles of 94°C for 15 s, 65°C for
30 s, and 72°C for 3 min; 3 cycles of 94°C for 15 s, 62°C for 30 s, and 72°C for 3
min; 3 cycles of 94°C for 15 s, 59°C for 30 s, and 72°C for 3 min; 3 cycles of 94°C
for 15 s, 56°C for 30 s, and 72°C for 3 min; and 23 cycles of 94°C for 15 s, 55°C
for 30 s, and 72°C for 3 min; followed by an extension step at 72°C for 5 min. The
amplicon from this reaction was diluted 1:10,000 and submitted again to PCR
with the universal primers 16S14F and 23S1R as follows: 35 cycles of 94°C for
15 s, 62°C for 30 s, and 72°C for 1 min plus an extension step of 5 min at 72°C.
For all other strains of Enterobacteriaceae only the second PCR protocol was
carried out followed by cloning. All reactions were carried out in a PTC-100
Peltier effect thermocycler (MJ Research Inc.). The PCR products were sepa-
rated in 1% agarose gels in Tris-acetate-EDTA buffer, stained with 0.5 mg of
ethidium bromide, and visualized with UV.

Purification of the PCR products. PCR products were purified with the QIA-
quick PCR Purification Kit (Qiagen) according to the manufacturer’s protocol.
The DNA was recovered in 30 ml of water and diluted to a concentration
between 0.3 and 0.5 mg/ml.

Cloning of Enterobacteriaceae PCR products. For the Enterobacteriaceae other
than S. enterica no operon-specific primers were used, and therefore all the
operons were amplified simultaneously. The PCR product was cloned using the
original TA Cloning Kit (Invitrogen) following the manufacturer’s recommen-
dations. From each PCR product 20 colonies were picked and grown in Luria
Bertani medium at 37°C for 18 h. Recombinant plasmids were extracted by using
the QIAprep Spin Miniprep Kit (Qiagen) following the manufacturer’s recom-
mendations. The purified plasmids were digested with EcoRI to separate the
insert, and the product was run in agarose gels to determine insert size. For each
strain one clone containing the smallest insert was selected for sequencing.

Sequencing of 16S-23S ISR. Nucleotide sequences of PCR products and plas-
mids were determined by using the ABI PRISM Dye Terminator Cycle Sequenc-
ing Ready Reaction Kit (Perkin-Elmer) and an ABI PRISM 377 sequencer
(Perkin-Elmer) according to the manufacturer’s indications. The 16S14F and
23S1R primers were used as sequencing primers in all cases. For every PCR
product both strains were sequenced and every sequence was repeated at least
twice.

Data analysis. Sequences were aligned by using the PCGene program (Intelli-
Genetics Inc.). All other analyses were done using the MEGA (Molecular Evo-
lutionary Genetics Analysis) 1.01 program obtained from the Institute of Mo-
lecular Evolutionary Genetics, The Pennsylvania State University, University
Park, Pa.

Nucleotide sequence accession numbers. S. enterica sequences determined
here were assigned GenBank accession numbers AFO45563 and AFO46806 to
AFO46822; representatives of other Enterobacteriaceae were assigned accession
numbers AFO47420 to AFO47426.

RESULTS

We have sequenced the S. enterica rrnA and rrnE operons as
defined by the upstream sequences found in E. coli K-12.
However, except for LT2, we have no direct evidence about the
location of the operons in the genomic map of the strains
studied. In fact, for Salmonella typhi a highly plastic chromo-
somal organization has been previously described (22). In
E. coli strains the general organization of the rrn operons in the
genome seems to be quite conserved. Not only is the combi-
nation of four ISR1- and three ISR2-containing operons kept
throughout the ECOR collection but the type of operon (as
defined by the tRNA genes in the ISR) present at each locus is
also highly conserved (2). However, in S. enterica there seems
to be variation at this level. LT2 has an ISR1 present in rrnE
and an ISR2 in rrnA. However, in M313 (subspecies IIIa) and
M318 and M320 (both subspecies IV) the primer for rrnA gave
operons with ISR1 present. It is possible that, in these three
strains, a two-tRNA-containing operon was present at another
locus to keep the four ISR1- and three ISR2-containing
operon distribution found in E. coli and LT2. However, in all
these strains the operon present at the rrnE locus was an ISR1
as well. When an ISR1 was retrieved with the primer for rrnA
the sequence found was very similar to the rrnE sequence
determined for the same strain. Specifically, in M313 and
M318 the two ISR1 sequences differed by only 6 and 1 nucle-
otides, respectively. In M320 the ISR1 obtained with the
primer for rrnA differed in 4 aligned nucleotides but lacked two
of the insertions found in the ISR1 of rrnE (see below). That
does not necessarily mean that the ISR1 spacers present at the
putative rrnA locus derive from the rrnE operon, since, at least
in E. coli, intercistronic heterogeneity in many strains is low (2)
and any of the ISR1-containing operons could have a sequence
very similar to that of rrnE. To simplify the terminology the
ISRs obtained with the rrnE and rrnA primers are identified in
the text and figures by the letters E and A, respectively, and the
strain designation.

Variability among the ISR1 operons. The alignment of the
ISR1 operons (containing a single tRNA gene) is shown in Fig.
1. Figure 1 includes the nine sequences retrieved from the
strains with the primers designed for rrnE as well as three
sequences obtained with the primers for operon rrnA. Two
types of sequence variation were found. One variation affected
aligned residues only and was used to analyze level of diver-
gence and to infer relationships. The other involves insertions
and/or deletions or block substitutions and will be discussed
separately (see below). The polymorphic nucleotides of ISR1
and their relation to the secondary structure are shown in Fig.
2. In the S. enterica ISR1s that were retrieved the maximum
pairwise nucleotide divergence was 18% and the average di-
vergence was 9.8%. This is about three times higher than that
found for the rrnE operon in E. coli (2.6%) (2), perhaps re-
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flecting the wider phylogenetic span (genetic variability) in-
cluded in S. enterica (25). Although the number of polymorphic
sites is much larger in the ISR1 spacers of S. enterica, the
variation in this region, similar to that of E. coli, is rather
restricted and is concentrated at some hypervariable sites, in-
cluding those already detected in E. coli. For the 70 nucleotides
downstream of the 16S rRNA gene, in addition to the 8 poly-
morphic sites which are also present in E. coli (2), S. enterica
strains have 14 additional polymorphic sites (a total of 22
polymorphic sites).

A phylogenetic tree constructed by the neighbor-joining
method and comparing the ISR1 sequences retrieved is shown
in Fig. 3. The main clusters reflect the subspecies structure and
are generally concordant with a tree of three housekeeping

(HK) genes (5). Subspecies I, VI, II, IV, and IIIb form a cluster
as do the five HK genes studied by Boyd et al. (5), and sub-
species V and IIIa appear clearly distant from the rest, which
is also the case for the HK gene tree. Some sequences found in
S. enterica, such as those of E298 and ELT2, are more similar
to rrnE of E. coli K-12 than they are to other S. enterica strains.

As found in E. coli rrn operons, there are polymorphisms
clustered in hypervariable regions in which substitutions affect-
ing blocks of nucleotides occur, sometimes with insertions and
deletions of highly variable lengths. At positions 66 to 86 (Fig.
1 and 2), some E. coli ISR1-containing operons present the rsl
sequence (6), an insertion of 106 nucleotides. In the S. enterica
strains studied the last 10 nucleotides are highly polymorphic,
although all the alternative sequences found were of equiva-

FIG. 1. Alignment of the nucleotide sequences of ISR1 and ISR2 spacers. Letters (A and E) indicate the specific primers (for rrnA and rrnE, respectively) used for
the PCR amplification of the sequences. The numbers indicate the strains, and the roman numerals in parentheses indicate the subspecies to which each strain belongs.
K-12 rrnE was been used as the reference strain. Nucleotides conserved in all Enterobacteriaceae studied here are labelled with an asterisk. The variable region between
tRNAIle and tRNAAla of the ISR2 spacers is shown as shaded or in boldface or italics to indicate each of the three types of sequence found. Box A is underlined.
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lent length, similar to that of the E. coli ISR1 without the rsl
sequence. The second of such variable regions is located down-
stream from the tRNAGlu gene and corresponds to an inser-
tion found previously in rrnE and rrnC of ECOR 40 (2) which
contains a perfect direct repeat of the last 11 bases of the
tRNAGlu gene (Fig. 2). Sequences A318, E318, E320 (all rep-
resentatives of subspecies IV), and ELT2 (subspecies I) have
this insertion. In nucleotides 234 to 274 there is a secondary
structure loop (Fig. 2) that has been shown to be hypervariable
in E. coli (2, 12, 16), in which species there are at least three
versions which have little similarity to one another except that
each maintains the same size and general structure of the loop
(2). In the strains of S. enterica studied the version found in
ECOR 35 and ECOR 40 predominates; E321 has a version
that is almost identical to version I (2) of E. coli, which is

present in most operons and strains in this species. ISRs A318,
E318, and E320 have yet another different and longer loop
(box B in Fig. 2) that has not been found in E. coli. The
secondary structure loop from nucleotide 307 to nucleotide
338 (Fig. 2) concentrates 18 polymorphisms with most strains
diverging widely from the sequence found in E. coli and the
two representatives of subspecies I. Finally, the region down-
stream from nucleotide 358 is also highly polymorphic. In
E. coli there are two alternative versions of 17 and 8 nucleo-
tides depending on the strains and operons (2). In S. enterica
two ISRs, ELT2 and E298, had sequences very similar to the
17-mer version of E. coli (the most abundant in this species).
Two ISRs, E495 and E316, had a large insertion of approxi-
mately 145 bp occupying this region. This insertion could form
a long secondary structure loop (Fig. 2). The rest (E324, A313,

FIG. 1—Continued.
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FIG. 2. Secondary structure of the rrnE ISR of S. enterica LT2 based on the model suggested by Brosius et al. (6). Variable positions in the S. enterica strains studied
are indicated by circles. Block substitutions and insertions are boxed. B and C boxes show alternative sequences found in some operons and strains and putative
secondary structures. The ends of the 16S and 23S rRNAs and tRNA genes are shaded. RNase III cutting sites are indicated (RIII). Dashed arrows indicate pairs of
direct repeats.
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E313, E321, A318, E318, E320, and A320) all have a stretch of
10 bp vaguely reminiscent of the octamer found in a few strains
of E. coli.

Most polymorphisms, particularly those affecting clusters of
nucleotides, are located outside the regions that are involved in
secondary structure with nucleotide stretches upstream or
downstream of the 16S or 23S gene, respectively, in the tran-
script (Fig. 2). This is understandable considering the role of
these regions as RNase III targets and the requirements for
concerted variation with regions distantly located in the
operon.

Variability among the ISR2. The rrnA-specific PCR prim-
er generated amplicons with an ISR2 (containing tRNAIle

and tRNAAla genes) only in six of the nine strains studied here.
Therefore, the alignment of the sequences for the ISR2-con-
taining operons shown in Fig. 1 comprises only 6 S. enterica
sequences plus the sequence for the E. coli K-12 rrnA operon
included for comparison. The ISR2-containing operons ob-
tained have very little sequence diversity for the 150-odd bases
that comprise the tRNAIle plus the 70 bp located upstream
from this gene. This region is also very similar to the E. coli
ISR2-containing operons. Downstream from the tRNAIle, vari-
ability is very high, and in fact, this stretch in all the S. enterica
strains diverged considerably from that in E. coli, in which all
the strains and operons studied have an identical sequence of
43 bp (2). In S. enterica this stretch, i.e., downstream from the
tRNAile, is much larger in all strains (about 120 bp). Among
the six strains of Salmonella studied, four (LT2 and M298, both
subspecies I; M495, subspecies II; and M321, subspecies V)
had nearly identical sequences (one nucleotide different) of
112 bp. M324 (subspecies VI) and M316 (subspecies IIIb) had
stretches of 111 and 114 bp, respectively, but with widely di-
vergent sequences. The three types of sequence have little in
common except overall length and the first 5 and last 11 nu-
cleotides. A316 is different throughout the whole sequence,
while A324 differs mostly in the first 50 nucleotides of this
stretch, being for the last 60-odd bases identical to that of
ALT2 and the other sequences. Downstream of the tRNAAla

there is little heterogeneity at the level of isolated nucleotide
substitutions, and again the sequence is rather similar to that of

E. coli. The hypervariable loop located near the 59 end of the
23S gene (Fig. 2, box C) is also present in the ISR2 spacers.
Here the variability is extremely high to the point that none of
the sequences determined was identical to any of the others.
ALT2, A298, and A316 have 20-mer stretches that are highly
similar to the 19-mer stretch found in rrnE in E. coli K-12.
A321 has a long loop similar to that which was also found in
this region in E316 and E495 (both ISR1). A495 has a very
short stretch of 7 bp, again with a completely different se-
quence from that found in the rrnA operon of E. coli K-12.
Finally, A324 has still another sequence of 11 bp, which is
similar to the sequence present in rrnA of K-12.

ISR1 spacers in other Enterobacteriaceae. To get an impres-
sion of how the spacer sequence varies with increasing phylo-
genetic distance, we sequenced the smallest ISRs present in
the ribosomal operons of seven strains of different species of
Enterobacteriaceae. In fact operons belonging to C. freundii and
Enterobacter aerogenes had spacers of 235 and 198 bp, respec-
tively, that did not contain a tRNA gene and thus cannot be
considered functionally equivalent to the other ribosomal op-
erons. A tree which compares these sequences with those of
rrnE of E. coli K-12 and S. enterica LT2 is shown in Fig. 4. The
conserved positions for all the Enterobacteriaceae studied are
shown in Fig. 1. Only the regions around the RNase III rec-
ognition site and box A are conserved for all of the species
studied. Generally speaking, the clustering was similar to that
developed from other gene comparisons (1, 19, 32). Esche-
richia fergusonii is a sister species to E. coli, and S. enterica
appears as its closest relative in the ISR1 tree. These relation-
ships are also evident in a comparison of HK genes. K. pneumo-
niae and E. vulneris form a cluster that also appears in a phy-
logenetic tree generated by comparing gapA and ompA genes
(19). At the level of the ISR1 this cluster is already widely di-
vergent. Klebsiella is the closest genus to E. coli and Salmonella
by 16S rRNA sequence (1). E. blattae and E. hermannii are
very divergent, which is consistent with the genus Escherichia
being polyphyletic as has been shown by other authors (19).

DISCUSSION

The relative lack of functional restriction of the rRNA
operon spacers would make us expect a rather high level of
sequence variation. Still, some data in the literature hints at

FIG. 3. Dendrogram based on ISR1 sequences showing the relationships
among E. coli K-12 and representatives of S. enterica subspecies. The tree was
constructed by the neighbor-joining method. Boot-strap values were calculated
from 500 trees. Each number on a branch indicates the percentage of trees in
which the node was supported. Bar, percent sequence divergence.

FIG. 4. Dendrogram based on the sequence of the smallest ISRs-present in
the rrn operons of different Enterobacteriaceae. Computation and bar are as
described in the legend to Fig. 3.
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unexpected levels of conservation in other spacer sequences.
For example, in the classical studies by Milkman and cowork-
ers of the trp operon of E. coli (24, 34) there is information
showing that the variation in the noncoding areas is similar to,
or only slightly higher than, that in the coding ones; the main
difference was that in the coding areas the variation seemed to
concentrate on the third base of each codon (silent mutations).
If the noncoding or spacer areas of the bacterial genomes
really are devoid of function, something that is by no means
certain, it could be considered an argument in favor of the
neutral hypothesis for molecular evolution (18), i.e., if varia-
tion is found with similar frequencies in functional and non-
functional regions it could be because most of it is neutral.

Altogether, the results of this work strengthen the view
based on a previous work with E. coli (2) in the sense that, at
the level of isolated nucleotide substitutions, the ISRs do not
differ so much from the rRNA genes themselves. The main
difference is the presence of relatively large insertions and/or
deletions. These drastically alter the primary structure of the
spacer sequence and in the long run can probably also affect
the secondary structure and even the function of the different
regions of the spacer DNA. This phenomenon is by no means
exclusive to the ISR sequences. For example, the spacer be-
tween the genes rpsU and dnaG only varies in 15 of 108 align-
able nucleotides between E. coli K-12 and S. enterica LT2 (33).
However, in S. enterica there is an insertion of 120 bp that is
not present in E. coli. Other bacterial species have been shown
to differ due to insertion and/or deletion events affecting the
central region of the rrn spacer (12, 36). Since it appears that
the size of the spacer must vary within certain limits, it is
foreseeable that the accumulation of insertions could eventu-
ally lead to deletions affecting other areas and thus to the
gradual substitution of the overall spacer sequence, as is found
when relatively wide phylogenetic distances are analyzed at this
level.

The phylogeny generated by the ISR1 sequences is roughly
consistent with that of 16S rRNA or housekeeping genes in
Enterobacteriaceae, as has been shown for other bacterial
groups (20). However, the distribution of clustered polymor-
phisms did not form a coherent picture with any of the rela-
tionship trees inferred from HK sequences or multilocus en-
zyme electrophoresis. Even the barrier between the two main
clusters of S. enterica subspecies, i.e., subspecies IIIa and V and
subspecies I, II, IIIb, IV, and VI, appears inconsistent with the
distribution of some of the polymorphisms. For example, the
long loop of box C (Fig. 2) is found in M316 (subspecies IIIb)
and M495 (subspecies II) and a similar loop is present in the
ISR2 of M321 (subspecies V). The same applies to the se-
quence located between the two tRNA genes in ISR2 of A321
(subspecies V) that is also present in a representative of sub-
species II (A495) and in those of subspecies I (LT2 and A298).
The presence of some of these sequences in relatively sepa-
rated lineages of S. enterica and even E. coli hints at a relatively
widespread horizontal transfer and recombination within and
between species. In a previous work (2) a model was suggested
in which two opposing forces act upon the rrn operons. Ho-
mogenization processes would lead to little intercistronic het-
erogeneity and conservation of the operon sequence. On the
other hand, horizontal transfer from other strains (that homog-
enize different versions of the operon sequence), followed by
recombination, acts as a continuous source of variation and
intercistronic heterogeneity. The diversity found in the differ-
ent operons and strains results from the equilibrium between
these two opposed processes (2). In S. enterica recombination
seems to be even more widespread, acting among different
subspecies and perhaps even species (E. coli).

It is remarkable that in terms of the ISR1 sequences there is
no sharp discrimination between E. coli and S. enterica, i.e.,
some sequences found in S. enterica are more similar to E. coli
than they are to other Salmonella strains. The main difference
between the two species was found in the inter-tRNA gene
stretch of the ISR2 spacers. Otherwise it would be difficult to
delimit both species as separate entities by ISR sequences. For
example, E298 (subspecies I) has only 19 nucleotide differ-
ences from the rrnE gene of K-12, which is much less than the
number of nucleotide differences found for the rrnE gene of
some strains of E. coli (2) or those between the rrnE of E289
and other ISR1s of S. enterica strains. As shown in Fig. 1 the
subspecies II (M495) and subspecies I (M298 and LT2) rep-
resentatives have, over most of the ISR1, an E. coli-like se-
quence, although LT2 and E495 have Salmonella features like
the sequence downstream of TRNAGlu found in ELT2 or the
insertion of box C (Fig. 2) in E495. This mosaic-like structure
is normally attributed to recombination, although the possibil-
ity of these features corresponding to ancestral traits cannot be
totally disregarded.

On the other hand, the average (most frequent bases at
polymorphic sites) sequence found in S. enterica is significantly
different from the average sequence in E. coli. This can be
interpreted as indicating that both species are linked by a
continuum of diversity rather than having the sharp disconti-
nuity expected for sexual and isolated populations (15).
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