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Two Distinct Mechanisms Cause Heterogeneity of 16S rRNA
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To investigate the frequency of heterogeneity among the multiple 16S rRNA genes within a single microor-
ganism, we determined directly the 120-bp nucleotide sequences containing the hypervariable «a region of the
16S rRNA gene from 475 Streptomyces strains. Display of the direct sequencing patterns revealed the existence
of 136 heterogeneous loci among a total of 33 strains. The heterogeneous loci were detected only in the stem
region designated helix 10. All of the substitutions conserved the relevant secondary structure. The 33 strains
were divided into two groups: one group, including 22 strains, had less than two heterogeneous bases; the other
group, including 11 strains, had five or more heterogeneous bases. The two groups were different in their
combinations of heterogeneous bases. The former mainly contained transitional substitutions, and the latter
was mainly composed of transversional substitutions, suggesting that at least two mechanisms, possibly
misincorporation during DNA replication and horizontal gene transfer, cause rRNA heterogeneity.

Since ribosomes are an indispensable component of the pro-
tein synthesis apparatus and the structures are strictly con-
served, the DNA component of the small ribosome subunit has
been proven extensively to be an important and useful molec-
ular clock for quantitating evolutionary relationships between
organisms (2, 12, 29, 30). In virtually all species, the sequences
of multicopy rRNA genes are identical or nearly identical and
the homogeneity is thought to be governed by concerted evo-
lution (8), which may originate from stringent selective pres-
sure on the primary sequences of rRNA molecules to maintain
their precise interactions with components of the complex pro-
tein-synthesizing machinery (29). From these characteristics,
the DNA sequences of the 16S rRNA genes (rDNA) have
become powerful tools in modern prokaryotic taxonomy with
the increasing use of PCR technology (21, 25, 26).

The phylogenetic classification of prokaryotes with 16S rDNA
sequences is based on the assumption that the differences in
sequences reflect the evolution of the organisms that they have
been extracted from. Interpretation of these sequence data
may be complicated by the presence of several equivalent mol-
ecules with some degree of individually different evolutionary
patterns within a single organism. Several recent studies using
rDNA sequencing have reported the existence of divergent 16S
rRNA sequences within a single organism in the eubacterial
actinomycete Thermobispora bispora (26), the archaebacterium
Halobacterium marismortui (15), and phytoplasma (14). These
studies clearly showed the presence of sequence heterogeneity
between rRNA operons on single genomes, but it has not been
elucidated whether such intra-rRNA heterogeneity is peculiar
or general. To clarify this, the extent of such sequence hetero-
geneity should be systematically studied; this would be impor-
tant not only for estimation of the consistency of the risk
frequency with the phylogenetic relationship reconstructed by
using cloned 16S rRNA genes but also for evaluating the mech-
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anism introducing breaks into the rRNA homogeneity fixed by
hypothetical concerted evolution.

To address this need, an extensive study was conducted with
a partial sequence containing the most variable a region (25)
of the 16S rRNA genes from 475 standard type strains belong-
ing to the genus Streptomyces. This is the first study to estimate
the extent of heterogeneity in the 16S rRNA genes within a
single microorganism. The results presented here may provide
important information concerning the application of 16S rDNA
sequences for phylogenetic analyses and the evolutionary mech-
anisms of the redundant multigenes on a single genome.

MATERIALS AND METHODS

Strains, cultivation, and DNA preparation. The Streptomyces strains used were
provided by the Japan Culture Collection of Microorganisms (JCM), and most
were standard strains of the International Streptomyces Project (23, 24). The
strains were cultivated on specific agar plates, as recommended in the JCM
Catalogue of Strains (16). Chromosomal DNA for the PCR template was isolated
from a single colony formed on a plate by using the Insta Gene kit (Bio-Rad)
according to the supplier’s protocol. To exclude the possibility of template DNA
contamination, threefold expansion of single colonies was employed.

PCR amplification and sequencing of part of the 16S rDNA. To detect the
heterogeneous 16S rRNA genes within a single strain, we employed direct se-
quencing of PCR products through a single-stranded template produced by \
exonuclease, as described previously (7, 11). The sequences of the synthesized
oligonucleotides used were as follows: sense primer for PCR, 5'-TCACGGAG
AGTTTGATCCTG-3'; antisense primer for PCR, 5'-GCGGCTGCTGGCACG
TAGTT-3'; sequencing primer, 5'-AGTAACACGTGGGCAATCTG-3'. The
sequences for each primer were selected from the conserved region and corre-
sponded to nucleotide positions 1 to 20, 481 to 500, and 105 to 124, respectively,
of the S. ambofaciens rDNA sequence (18). A nucleotide sequence covering the
variable region of 16S rDNA was amplified by using phosphorylated sense and
nonphosphorylated antisense primers. The sense primer was phosphorylated
with T4 polynucleotide kinase (Takara) and ATP. PCR was performed in a 50-pl
reaction mixture for 30 or 40 cycles of denaturation (for 30 s at 97°C), annealing
(for 1 min at 50°C), and extension (for 1 min at 72°C) with AmpliTag DNA
polymerase (Perkin-Elmer). Whole samples were fractionated by agarose gel
electrophoresis, the 0.5-kbp PCR products were recovered, and the phosphory-
lated sense strand was digested for 1 h at 37°C with X exonuclease (BRL) in the
recommended buffer (67 mM glycine-KOH, pH 9.4; 2.5 mM MgCl,). After
phenol-chloroform extraction, the remaining antisense strand was used as a
sequencing template.

DNA sequences were determined with a 7-deaza-dGTP Sequenase, version
2.0, kit (United States Biochemical Corp.) according to the supplier’s protocol,
except that 1 pg of single-stranded DNA binding protein (SSB) (Stratagene) was
added to 15 pl of the reaction mixture. After the termination reaction, SSB was
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FIG. 1. Direct sequencing pattern of the hypervariable o region of S. althi-
oticus JCM4344 16S rDNA. Arrows indicate the loci representing heterogeneity.

digested with 20 pg of proteinase K (Sigma) for 30 min at 37°C in 6 pl of the
termination mixture.

Cloning and seq ing of the amplified 16S rDNAs. The whole 16S rDNA
region was amplified by PCR with primers 5'-GGGAAGCTTCACGGAGA
GTTTGATCCT-3" and 5'-CCCTCTAGAAAGGAGGTGATCCAGC-3', corre-
sponding to nucleotide positions 1 to 18 and 1511 to 1526, respectively, of the
S. ambofaciens TDNA sequence. After purification of the products through
agarose gel electrophoresis, the PCR products were digested with HindIII and
Xbal, recognition sequences of which were included in the primers, followed by
cloning into pBluescript SK* digested with the same enzymes. The transforma-
tion of Escherichia coli IM105 and DNA handling were performed according to
the standard protocol (22). The DNA sequences of selected clones were deter-
mined with the BcaBest DNA sequencing kit (Takara) according to the supplier’s
protocol.

Analysis of DNA sequences. Editing of the determined DNA sequences and
prediction of the local secondary structures were performed by the GENETYX
program (Software Development) on a PC9801 personal computer (NEC).

RESULTS

Detection of strains carrying heterogeneous 16S rRNA genes.
Direct sequencing patterns from the 475 Streptomyces strains
were displayed. Theoretically, if the heterogeneous 16S rRNA
genes are present within a single strain, multiple bands at the
same electrophoretic distances should appear. As expected,
such multiple bands were observed in the sequencing patterns
from several strains. The sequencing pattern of S. althioticus
JCM4344, representing 11 heterogeneous signals, is shown in
Fig. 1 as an example. Among the 475 sequencing patterns
displayed, 33 patterns (6.9%) exhibited such heterogeneous
sequencing patterns. Table 1 presents strain names with JCM
numbers and the numbers of heterogeneous loci. The hetero-
geneous signals appeared irregularly within the a region and
were never observed within the conserved region, suggesting
that the multiple bands did not result from mutations during
PCR but originated from heterogeneity within the a region of
the 16S rRNA genes within a strain. Indeed, the existence of
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the heterogeneous 16S rRNA genes was confirmed in some
strains through cloning and sequencing of the PCR products as
mentioned below. These results clearly indicate that the exis-
tence of naturally occurring heterogeneous 16S rRNA genes
within a single microorganism is not rare.

Two classes of strains possessing heterogeneous 16S rRNA
genes. If the heterogeneity of the rRNA genes is caused by a
simple mechanism, the frequency distribution of strains with
different numbers of heterogeneous bases in the 16S rRNA
genes must be simple. As summarized in Table 2, the fre-
quency of appearance reveals that the distribution of the
strains is discontinuous and biphasic. Twenty-two strains, 21 of
33 strains with only one heterogeneous base and 1 strain with
two heterogeneous bases, were placed in one group (the small
group); the other strains, having more than five heterogeneous
bases, were classified into another group (the large group),
indicating the possibility that rRNA heterogeneity in a single
genome is not governed by simple mechanisms. Interestingly,
the large group exhibited typical gamma distribution. The max-
imum number of heterogeneous loci is 14, in S. thermodiasticus
JCM4840, and strains with 11 heterogeneous loci are the most
frequent in the large group.

To characterize the heterogeneity in detail, the combination
patterns of bases in the heterogeneous loci were studied. Two

TABLE 1. Strains with heterogeneity in the sequenced region

JCM No. of combination of
strain Organism heterogeneous bases®

no. R MW S K Y sss BHD V Sum
4840  S. thermodiastaticus 1 3 1 4 4 1 14 0 0 0 0 14
3131  S. ruber 1 10 3 5 2 120000 12
4081  Streptomyces sp. 1 00 4 4 2 110001 12
4958  S. ederensis 1 00 6 3 1 1100 0 0 11
4771 S. hydrogenans 1 00 4 6 0 1100 0 0 11
4823 S. roseiscleroticus 1 10 2 5 2 110000 11
3070  S. armeniacus 021 3 4 0 100000 10
4344 S. althioticus 2 12 1 3 1 100000 10
4862  S. xanthocidicus 0O 00 53 1 90000 9
4651  S. matensis 1 11 0 3 1 70100 8
4845 S. tropicalensis o 10 2 2 0 50000 5
4591 . luridus 001 001 20000 2
5067  S. crystallinus 1 00 0 0 O 100O0O0O 1
5075  S. capillispiralis 0O 00 01 0 10000 1
4508 . prunicolor 000 001 1000O0O0 1
4523 S. varsoviensis 0 00 0 0 1 100 00 1
4624  S. aureofaciens o 00 001 1000O0O0 1
4773 S. iakyrus 000 001 10000 1
4976  S. longwoodensis 000 0 0 1 10000 1
4276  S. griseofuscus 0O 00 1 00 10000 1
4521  S. umbrinus o 00 1 00 10000 1
4653 S. misakiensis 1 00 0 0 0O 10000 1
4792 S. moderatus 010 000 10000 1
4856  S. viridochromogenes 1 0 0 0 0 0 10 0 0 O 1
4360  S. coerulescens o 00 01 0 10000 1
4841  S. thermonitrificans o 00 01 0 10000 1
5058  S. anthocyanicus o 00 01 0 100O0O00O0 1
5065 S. tricolor 000 010 100O0O0 1
4962 S. geysiriensis 0o 00 001 1T0O0O0O0 1
4350 . badius 000 0O0OO0O OO0OOT1SFPO 1
4832 S. spectabilis 000 00O O0OO0OT1O0O0 1
4620  S. antibioticus 000 00O O1O0O0O0 1
4785 . lusitanus 000 0 OO O1O0O0OO0 1

Totals 12 11 6 36 47 18 130 2 2 1 1 136

“ The abbreviations of heterogeneous combinations are according to the no-
menculture of the International Union of Pure and Applied Chemistry, as fol-
lows: R, Aor G;M,AorC; W, AorT;S,Gor G, K, Gor T; Y, Cor T; B, not
A; H, not G; D, not C; U, not T. sss and sum indicate the total numbers of
duplicate combinations and heterogeneous bases, respectively.
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TABLE 2. Frequency of sequence heterogeneity detected in the
16S rDNA variable region (120 bp) of Streptomyces strains

No. of heterogeneous No. (%) of
bases® strains
14
13...

12....
11...
10....
9
8
7..
6...
5.
4
3
1... .. 21(4.4)
0 s 442 (93.1)
TOtal .o 475 (100)

“ Number of heterogeneous loci detected.

transversional combinations, K (G and T) and S (G and C),
appeared frequently (61% of all heterogeneous loci), and the
transitional combination frequencies, Y (C and T) and R (A
and G), were 22% (Table 3). As mentioned above, the two
groups may have distinct origins. Thus, there is the possibility
that their heterogeneous base combinations are different. In
the small group, triplet heterogeneous combinations were of-
ten found at a frequency of 17%. The transitional combina-
tions were present at frequencies of 52.5% of total combina-
tions without triplet combinations, and the frequency of Y was
almost twofold higher than R. In contrast to the small group,
the extent of transversional combinations was 80%, that of
transitional combinations was only 18%, and the frequency of
Y was almost identical to that of R in the large group. It is
noteworthy that the triplet combinations are rare (1.8%) in the
large group. These results strongly suggest that rRNA hetero-
geneity is governed by at least two distinct mechanisms.
Structural conservation of the heterogeneous 16S rRNAs. It
is known that the a region possibly forms a stem and loop
structure designated helix 10 (4) and that one of the criteria for
whether the rRNA gene-like sequence is a functional gene is
structural conservation. To confirm this, the secondary struc-
tures of the sequences were predicted. All of the heteroge-
neous loci in the small group occurred in the stem region of
helix 10, and the predicted secondary structure was not af-
fected by one- or two-base heterogeneity. Since predicting the
secondary structure is not possible when the sequencing pat-
tern exhibits multiheterogeneous bases, it is necessary to de-
termine the sequence of each 16S rRNA gene of such strains.
Thus, we cloned and sequenced the PCR products from the
strains of the large group. The PCR product from the DNA of
S. thermodiastaticus JCM4840, in which direct sequencing re-
vealed 14 heterogeneous bases, was cloned into pBluescript.
Ten clones were selected randomly, and the DNA sequences of
the 120-bp region were determined. As shown in Fig. 2A, in
two distinct sequences that were predicted from the heteroge-
neous sequencing pattern displayed by the direct method (data
not shown), the heterogeneity was limited to within nucleo-
tides 179 to 197, corresponding to the stem region of helix 10.
The predicted secondary structure of each sequence formed
the stem and loop structure as expected (Fig. 2B). The same
result was obtained from the sequencing analysis of the clones
from S. armeniacus JCM3070, the direct sequencing of which

J. BACTERIOL.

revealed 11 heterogeneous bases (data not shown). Thus, all
heterogeneous loci were located in the stem part of the «
region without alteration of the secondary structure, as dem-
onstrated by comparison of different strains (11), indicating
that the heterogeneous rDNA sequences in these strains en-
code functional 16S rRNAs.

DISCUSSION

Heterogeneity among rRNA genes within a single organism
has been investigated with denaturing gel electrophoresis (17)
and DNA sequencing of the cloned gene (14, 15, 28). Our
extensive direct sequencing approach, using the most variable
region of Streptomyces 16S tDNA, revealed the general exis-
tence of this heterogeneity. How is the heterogeneity gener-
ated? It is generally considered that mutations are introduced
by misincorporation and misrepair by DNA polymerase during
DNA replication. If the mutations occurred equally on each
substitutions, the expected value of each heterogeneous base
combination would be 17%, and thus the frequency of the tran-
sition set must be 33%. Estimation of the substitution pattern
using pseudogenes which might not be exposed to selective pres-
sure (6) showed that transition is more frequent (53%) than
transversion (47%). This is considered to reflect the tendency
for base substitutions during DNA replication during the evo-
lutionary process of the genome. In the small group, the fre-
quency of transition, except for triplet bases, was 52.5%, which
is almost identical to that of the pseudogenes, suggesting that
the heterogeneity observed in the small group might be unbal-
anced in the steady state of molecular evolution of the redun-
dant 16S rRNA genes that, during DNA replication, might be
exposed to the selective pressure of concerted evolution.

In the large group, the frequency of transitional combination
was only 18%, which is much lower than the expected value
(33%), suggesting that the driving force for the origin of the
heterogeneity in the group is not mutations during DNA rep-
lication, as in the small group. It is known that conjugative
plasmids are generally found in Streptomyces, and the plasmids
can mobilize the host chromosome at high frequency (9). One
possible explanation for the mechanism that generates the het-
erogeneity in the large group is horizontal gene transfer me-
diated by conjugative plasmids. This consideration is not lim-
ited to the genus Streptomyces. In other microorganisms, gene
flux mediated by conjugative plasmids is thought to have an
important role in increasing genetic diversity (1, 27), suggest-
ing that it is a mechanism common to many microorganisms.

TABLE 3. Base composition at heterogeneous loci

Base No. (%) of strains

combination

Small group” Large group” Total
K (GT) 5(21.7) 42 (37.2) 47 (34.6)
S (GC) 2(8.7) 34 (30.1) 36 (26.5)
Y (CT) 7(30.4) 11 (9.7) 18 (13.2)
R (AG) 3(13.0) 9(8.0) 12 (8.8)
M (AC) 1(4.3) 10 (8.8) 11 (8.1)
W (TA) 1(4.3) 5(44) 6(4.4)
H (ACT) 1(4.3) 1(0.9) 2(1.5)
B (GCT) 2(8.7) 0(0) 2(1.5)
V (AGC) 0 (0) 1(0.9) 1(0.7)
D (AGT) 1(4.3) 0(0) 1(0.7)
Totals 23 (100) 113 (100) 136 (100)

“ Sequences having less than two heterogeneous bases.
> Sequences having more than five heterogeneous bases.
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FIG. 2. (A) Secondary structures of S. thermodiastaticus JCM4840 16S rRNA
regions used this study. Helix numbering is according to the nomenclature (4),
and the base position numbering is according to that of S. ambofaciens (18). The
arrow indicates the region used as a sequencing primer. Heterogeneous loci are
indicated by the abbreviations given in Table 1, footnote a. (B) Secondary
structures of helix 10 of two distinct sequences in S. thermodiastaticus 16S
rRNAs. Bars and dots indicate Watson-Crick pairing and non-Watson-Crick
pairing, respectively.

All of the heterogeneous loci were located in the stem region
of helix 10. The same result was obtained from the comparison
of different strains in previous studies (11). Evolutional selec-
tive pressure probably operates on the secondary structure of
the region, and the base composition of helix 10 may not affect
rRNA function. The substitution rate at the stem region is
estimated to be twofold higher than that at the loop region
(20). The helix 10 stem of Streptomyces 16S rRNA is consid-
ered to be a typical tolerance region against mutations which
do not alter the secondary structure.
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The heterogeneous base combinations of the large and small
groups exhibited significant differences (Table 2). In the 120-
bp region, the conservation of the helix 10 stem structure is
obviously due to selective pressure. Therefore, mutations oc-
curring in the stem region are individually deleterious if they
destabilize the important structure; fitness can be restored,
however, when a compensation occurs that reestablishes the
pairing potential. Among all non-Watson-Crick nucleotide
pairs, the U-G pair appears to be the least deleterious (10) and
in some cases even offers a selective advantage (19), suggesting
that the base combinations in the small group result in the
compensation of substitutions due to U-G pairing. It is thought
that exchange between heterogeneous 16S rRNA genes, or the
consolidation of heterogeneous 16S rRNA genes, occurred in
the large group. If the heterogeneity of the group is established
through these mechanisms, there is no need for compensation
mutations by non-Watson-Crick pairing, and the restriction on
heterogeneous base combination is not severe. This is probably
the reason for the differences in the heterogeneous base com-
binations between the two groups.

Some of the results of analysis of 16S rRNA genes are
critical for phylogenetic analysis or prokaryotic taxonomy. Re-
cent comparative analysis of sequences deposited in GenBank
revealed a level of intraspecific and intrastrain sequence vari-
ation that cannot be explained exclusively by errors in labora-
tory procedures (3), and almost identical 16S rRNA sequences
have been reported in phenotypically divergent bacteria (5).
Despite these results, sequence analysis of the 16S rRNA gene
is of great importance for modern bacterial taxonomy, and the
16S rRNA sequence database is the most complete (13). From
the viewpoint of phylogenetic analysis, it is difficult to consider
that one- or two-base heterogeneity within the « region affects
the topology of the phylogenetic relationship reconstructed
with 16S rRNA sequences. Indeed, in our previous study, one-
or two-base heterogeneity within the « region did not influence
the phylogenetic relationship reconstructed with the 120-bp
region used in this study (11). In contrast, the number of
heterogeneous bases in the large group was enough to alter the
topology of the phylogenetic tree constructed with 16S rDNA
sequences. Thus, the frequency of the risk of using single 16S
rRNA genes for phylogenetic comparison would be estimated
as more than 2% per strain, based on the frequency of appear-
ance of the strains belonging to the large group.
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