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Several 16S to 23S spacers of 354 bp have been sequenced from six Escherichia coli strains belonging to the
ECOR collection. Four phylogenetically informative variable sites were identified. The results of their com-
parison confirm the existence of two major phylogenetic branches in this species, as previously reported.
Remarkable intercistronic heterogeneity was found in strain ECOR35 and its closest relatives, in which at least
one of the operons has suffered a major mutagenic event or has an independent phylogenetic origin.

rRNA operons are present in bacterial genomes in numbers
varying from 1 to 11 (8, 13). In most cases they are located in
the chromosome, although some examples of megaplasmid
location are also known (20). In Escherichia coli K-12 there are
seven copies per cell, located in the half of the chromosome
closer to the replication origin (2, 12). They represent one of
the best examples of redundant genes that are highly expressed
in conditions of exponential growth. The genes for rRNA are
normally located in the order 16S-23S-5S in bacteria. Between
the rRNA genes there are usually short intergenic spacer re-
gions (ISR) containing tRNA genes and some target sequences
for RNase III and other recognition signals required for pro-
cessing of the transcript. The seven rRNA operons of E. coli
K-12 contain two types of 16S-23S ISR. Four of them (rrnB,
rrnC, rrnE, and rrnG) contain a single tRNAGlu. The other
three operons (rrnA, rrnD, and rrnH) have two genes for
tRNAIle and tRNAAla (5).
Stretches of presumably nonfunctional DNA are also

present and should exhibit a considerable degree of sequence
variation by genetic drift (3). These sequence polymorphisms
could make the spacer a fast molecular chronometer to mea-
sure short-term phylogeny, i.e., a good marker of major in-
traspecies lineages. Polymorphisms have been described, both
between different rRNA loci in the same chromosome and
between different strains (1, 6, 11, 13).
One of the most powerful tools for studying molecular evo-

lution is the comparison of homologous sequences belonging
to different representative strains. In a previous work, the
spacers between genes coding for rRNA 16S and 23S genes
coding for rRNA of a collection of uropathogenic E. coli (some
of which were representatives of the ECOR collection) and
other reference strains were amplified by PCR and subjected
to restriction analysis. Analysis of the spacers’ restriction pat-
terns showed the presence of two markedly differentiated clus-
ters that we named a and b (7). In order to detect the sequence
divergence between these two groups, we amplified by PCR
16S-23S ISR of six strains of the ECOR collection representing
widely divergent groups of E. coli. Two strains (ECOR35 and

ECOR52) corresponded to the a restriction fragment length
polymorphism (RFLP) spacer group, and four strains
(ECOR49, ECOR58, ECOR10, and ECOR44) corresponded
to the b group. The sequences of K-12, which also belongs to
the b group, were retrieved from the literature (10). In view of
the known intercistronic heterogeneity of these sequences, a
minimum of five independent clones were sequenced for each
strain.
Most of the strains used in this study were obtained from the

American Type Culture Collection (ECOR10, ATCC 35329;
ECOR35, ATCC 35354; ECOR44, ATCC 35363; ECOR49,
ATCC 35368; ECOR52, ATCC 35371; and ECOR58, ATCC
35377); the K-12 strain was obtained from the Colección Es-
pañola de Cultivos Tipo (CECT102). DNAs were prepared
from cells grown in pure cultures with the InstaGene DNA
purification matrix (Bio-Rad). PCR amplifications were car-
ried out with Taq DNA polymerase (Promega) with oligonu-
cleotides 16S14F (59CTTGTACACACCGCCCGTC39) and
23S1R (59GGGTTTCCCCATTCGGAAATC39) as primers
for the amplification of the ISR sequences; universal 16S oli-
gonucleotide 16S0F (59AGAGTTTGATCATGGCTCAG39)
and SPa (59GACTCGTAAGTCATCTTTAAC39) were used
in combination to determine the presence of an unusual se-
quence located in the ISR of ECOR35. PCR conditions con-
sisted of the following steps: a single cycle of denaturization at
948C for 5 min; 35 cycles of 938C for 1 min, 628C for 1 min
(608C when we used the 16S0F-SPa combination), and 728C
for 2 min; and finally, a single step of 728C for 10 min, which
was executed to allow the completion of the amplified frag-
ments.
Small ISR were purified from agarose gels with a GeneClean

kit (Bio 101) and cloned into pUC18 with a SureClone kit
(Pharmacia). Plasmid DNA was extracted with Wizard Mini-
prep columns (Promega). Sequencing reactions were carried
out according to the method described in reference 18 with T7
DNA polymerase (Pharmacia) and the same primers used in
the amplification of the spacers. Alignment of sequences was
made with the program Clustal (PC-Gene; IntelliGenetics).
Figure 1 shows the multiple alignment of the sequences

found compared with those of E. coli K-12. Counting the 3
K-12 sequences, 14 different sequences were obtained from
strains classified by RFLP as b, and 5 different sequences were
obtained from strains classified as a. The size of the small ISR
was precisely 354 bp in all cases, differing from the large ISR,
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FIG. 1. Comparison of 354-bp spacer sequences from six ECOR strains and K-12. The sequence of the ISR from the K-12 rrnC operon is used as a reference (10).
Dots indicate identity of sequence with rrnC; lowercase letters define the conserved regions for tRNAGlu2 and boxA, asterisks indicate conserved zones for the
recognition of RNase III, and a dash marks a deletion in clones from strain ECOR35. Polymorphic sites for RsaI and TaqI are indicated in boldface characters. Numbers
in parentheses indicate numbers of clones retrieved with identical sequences. a and b indicate the RFLP group to which the strain is assigned (7).
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which are known to vary in length from 431 to 446 bp, with
average values of 437 bp for those containing tRNAAla and
tRNAIle (10, 15) and 440 bp for those containing tRNAGlu (10,
15, 21). The degree of sequence conservation found is remark-
able, even in areas that have no known function. With the
exception of clones from strain ECOR35, the numbers of nu-
cleotide changes with regard to K-12 rrnC varied from one to
six, with a mean nucleotide variation of approximately 1.07%.
This value is smaller than the number of variations found when
comparing different E. coli housekeeping genes (4, 16, 17, 19)
and is similar to the numbers found for other spacers se-
quenced from different species (3, 9). Nevertheless, the level of
sequence variation detected for these small ISR is lower than
that inferred from the RFLP data (7), when all the ISR (large
and small) are considered, with a mean value of about 2.5%,
indicating that the large ISR may show a higher degree of
variation. Moreover, the sequences of the small ISR did not
show the HinfI polymorphism detected by RFLP (7), which is
not necessarily surprising if we consider that it was found in
very few strains from an uropathogenic E. coli collection, none
of which belonged to the more representative ECOR strains.
There are four phylogenetically informative positions (i.e.,

they are present in more than two clones simultaneously)
namely, 15, 21, 285, and 332. All except position 15 are located
outside the stretches with known functions. At position 15
there is an A in all the a strains and a T in all the b strains
except in two clones (EC44I has an A and EC49IV has a G).
This change generates a polymorphism for the enzyme RsaI
that recognizes the sequence GTAC (the variation takes place
in the A). RsaI is one of the informative enzymes used in the
previous study in which a and b groups were detected. At
position 21 there is a consistency in sequence among clones
from strains ECOR52 (a), K-12 (b), and ECOR10 (b) in that
they share a C at that site, whereas clones from ECOR35 (a)
and ECOR58 (b) all have an A. In the rest of the clones from
strains ECOR44 and ECOR49 (both b), either an A or a C can
be found. Position 285 also marks a clear difference among
strains. Clones from ECOR52 (a) have a G, while those from
ECOR35 (a) and most b clones have an A, except clones of
K-12 rrnB2 and clones EC58I and EC58III, which have a G. At
position 332 strain ECOR52 has a C but ECOR35 and most b
clones have an A, except for rrnE (K-12), EC10I with T,
EC10II, and EC58III with C. This position generates the poly-
morphism TaqI used in our previous work (recognition se-
quence, TCGA; change occurs at A). These sequence distri-
butions sustain the conjecture that the a RFLP group is indeed
a phylogenetic branch within the species E. coli, as previously
suggested. The b group is probably much more heterogeneous
and may include more than one entity of phylogenetic status a
(7).
Most of the variation within the a group is concentrated in

the two sequences found in the eight clones of the ISR ampli-
fied from strain ECOR35. These sequences have suffered a
major variation between positions 200 and 220. Furthermore,
generally speaking, they have more in common with the b than
with the a strains, except for the presence of the RsaI poly-
morphism used to discriminate between both groups. It is
possible that the abnormal ISR or even the whole rRNA oper-
ons have been gained by horizontal genetic transfer from a
phylogenetically distant strain. ECOR35 has been reported to
contain important recombinatory events affecting the gene for
malate dehydrogenase (19); ECOR35 may be a particularly
promiscuous strain. With regard to the stretch of hypervariable
sequence found between positions 200 and 220, among the
larger ISR that have been sequenced in K-12, rrnG contains a
14-bp stretch totally different from the sequences of other

operons. This abnormal stretch is located between positions
294 and 307 that in a small ISR, having lost the rsl sequence, as
reported for the rrnB (10), would correspond approximately to
the positions in which most changes in ECOR35 are concen-
trated. Although there is no homology whatsoever between the
two unusual sequences, the fact that both are located at equiv-
alent sites in the ISR could indicate a relative lack of functional
restriction, defining this zone as potentially highly variable. A
PCR probe developed from this highly differentiated portion
of ECOR35 clones showed that this sequence is found within
the ECOR collection in a small cluster of group D strains:
ECOR35, ECOR36, ECOR38, ECOR39, ECOR40, and
ECOR41. None of the other strains of the ECOR collection
gave a positive result with this probe, showing that the se-
quence of EC35I and EC35II is confined within this phyloge-
netic cluster. The close clustering by MLEE of the strains
containing this sequence would be expected if the putative
recombination event happened in the (relatively recent) com-
mon ancestor of this small cluster. In our previous work (7),
when some strains (n 5 10) belonging to the RFLP cluster in
which ECOR35 appeared were amplified with this primer, two
gave a positive result (data not shown). The patchwork scheme
found when comparing the ISR sequences would indicate that,
although variations in ISR sequences are reliable enough to
resolve ECOR strains into coherent groups, recombination
may also play an important role in generating the diversity
detected.
It is noteworthy that the vast majority of variations found for

these sequences, both informative and noninformative, are
concentrated in nonfunctional regions, which could be consid-
ered equivalent to the prevalence of synonymous substitutions
(at the third position of the codons) detected for several genes
(4, 14, 16, 17, 19). Furthermore, this fact indicates that Taq
polymerase-induced mistakes (3) in the ISR sequences ob-
tained were very few or nonexistent because of the nonran-
domness of the unique site variation distribution along the 354
bp.
The intercistronic sequence heterogeneity found when com-

paring different clones retrieved from the same strain is also
remarkable. In fact, aside from the differences found between
a and b strains, there is almost as much variation among
different operons of the same strain as among different strains,
and this conclusion also applies to the three sequences of K-12
retrieved from databases. The number of different sequences
found per strain is also remarkable, with a maximum of four
for ECOR49. Additionally, one of the clones, EC49IV, shows
six nucleotide differences with respect to EC49III, constituting
a remarkable cistronic heterogeneity. In fact, from the K-12
information, the maximum number of rRNA operons contain-
ing small ISR is supposed to be 3. It is also possible that some
of the larger operons (with the rsl sequence) lose it occasion-
ally, changing to a small ISR, as has been detected in one of the
subclones of K-12 (10). In any case, the evidence shown here
indicates that rarely are identical operons found, even in the
same genome. It is also clear that if ISR sequences are used for
taxonomic or phylogenetic purposes, several clones should be
sequenced from the same strain to include the intercistronic
variation in the comparison. The presence of an important
variation in a sequence affecting several ISR from a well-
defined cluster of strains from group D of MLEE would also
need to be the subject of future research.
Nucleotide sequence accession numbers. Sequences were

submitted to EMBL and GenBank and stored consecutively
under the accession numbers U55296 to U55311.
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